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Introduction 

The p53 tumor suppressor protein is involved in multiple central cellular processes, 

including transcription, DNA repair, genomic stability, cell cycle control and apoptosis; it 

is functionally inactivated by structural mutations, interaction with viral products and 

endogenous cellular mechanisms in many human cancers (1). P. aeruginosa azurin, a 

copper-containing redox protein (2), was recently discovered to enter mammalian cells and 

either induce apoptosis (wild-type) or inhibit cell-cycle progression (Met44LysMet64Glu 

azurin variant). Azurin specifically entered J774 cells, derived from murine reticulum cell 

sarcoma (3), and cancer cell lines such as melanoma UISO-Mel-2 cells and MCF-7 breast-

cancer cells and caused cell death (4-7). In both instances, azurin formed a complex with 

the tumor suppressor protein p53, thereby somehow raising its intracellular level. High 

levels of p53 then triggered apoptosis in the cells through enhanced Bax formation and the 

release of mitochondrial cytochrome c to the cytosol. In addition, azurin was able to inhibit 

tumor growth in xeno-transplanted nude mice without toxicity symptoms. The support for 

the presence of a direct azurin-p53 complex was based on glycerol-gradient 

ultracentrifugation and pull-down experiments using GST-fusion constructs (7-9). 

 

 
Figure 1. The diagram shows 
arrangements of domains in p53. 
Red, transcription domain which is 
part of NTD; green, DNA-binding 
domain DBD; blue, tetramerization 
domain which is part of CTD. DBDNTD CTD 

 

 

p53 is a 393-residue protein (1) that can be divided into three structural domains 

(Figure 1): (i) A transcription activation segment and a proline-rich segment form the N-

terminal domain (NTD; residues 1-93). (ii) A DNA-binding domain which adopts a β-sheet 

structure and coordinates a zinc ion (DBD; residues 102-292). (iii) A helical tetramerization 

domain which together with a sequence-unspecific DNA-binding domain form the C-

terminal domain (CTD; residues 293-393). Biophysical experiments have shown that NTD 

and CTD are mostly unstructured, whereas DBD is well folded, in solution (10-12). Under 

"latent" conditions, CTD interacts with DBD, preventing it from recognizing target DNA. 
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In addition, p53 can bind proteins through its NTD (e.g., mouse double minute 2 homolog 

(MDM2) and jun-kinase (JNK)) which mediate the targeting of p53 to the proteasome for 

rapid degradation (1, 13). Thus, p53 is not only hindered from binding to DNA but it is also 

very unstable and rapidly disappears from the cell at non-stress conditions. Various stimuli 

are capable of releasing these interactions which result in a conformational change in p53 

that exposes the DBD and allows for p53-mediated transcriptional activation (1, 14, 15). 

Pseudomonas aeruginosa azurin is a 128-residue, blue-copper protein (also called 

cupredoxin) that is believed to facilitate electron transfer in denitrification/respiration 

chains (2). It was recently proposed that the physiological function of azurin in P. 

aeruginosa involves electron transfer directly related to the cellular response to oxidative 

stress (16). Azurin (Figure 2) has one α-helix and eight β-strands that fold into a rigid β-

barrel structure arranged in a double-wound Greek-key topology (2, 17).  
 

 

Figure 2. Ribbon structure of azurin (1AZU), with copper shown in blue 
space-filling and the five copper-ligands (Gly45, His46, Cys112, His117 and 
Met121) in stick representation. 

 
 
 

In vivo, azurin coordinates a redox-active copper (CuII/CuI) via two histidine 

imidazoles, one cysteine thiolate, and two weaker axial ligands, sulfur of methionine and 

carbonyl of glycine in a trigonal bipyramidal geometry (Figure 2). The highly covalent 

nature of the copper-cysteine bond gives azurin an intense absorption at 630 nm (2). The 

copper in azurin can be eliminated, creating apo-azurin, or exchanged for other metals in 

vitro without change of the overall structure (17, 18). We have studied azurin extensively 

over the years as a model system to address the role of metals in protein folding (19-27). 

In this project, we have employed a battery of biophysical tools and purified 

proteins to investigate molecular, structural and thermodynamic details of the azurin-p53 

complex in vitro. We have also considered the in vivo environment where the p53-azurin 

interaction takes place by studies of Cu metabolism proteins (28-32) (that may steal Cu 

from azurin upon entry) and macromolecular crowding (as the volume occupancy of 

macromolecules in cells may be 40 % (33, 34), which may have large effects on protein 
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structures and binding reactions). Below follows a description of the progress we have 

made on the different tasks outlined in the original Statement of Work. 

 

Task 1. Determine which p53 domain interacts with azurin and probe the affinity and 

stoichiometry of the complex in vitro 

 Experiments have shown that the NTD domain is natively unfolded whereas full-

length p53 (which is tetrameric at μM concentrations) exhibits high stability in vitro (10, 

11). Also, p53’s C-terminal domain appears to have unstructured regions (12). Earlier 

experiments, using fusion proteins and glycerol gradients, have suggested that P. 

aeruginosa azurin binds to the central or N-terminal portion of p53 (7-9). Therefore, we 

first prepared the NTD domain (i.e., residues 1-93 of p53). The protein was purified by 

standard methods as described in (11). Next, NTD was tested for azurin binding via 

isothermal titration calorimetry (ITC) to directly obtain stoichiometry and affinity of a 

potential azurin-NTD complex. From the data (Figure 3), it is clear that NTD does interact 

with azurin (pH 7.5, 25 ºC). The thermogram reveals a dissociation constant (KD) of about 

300 nM and a stoichiometry of 2 azurin molecules per NTD. From additional experiments, 

we found that the affinity remained the same also at 37 ºC, but decreased about 10-fold if 

the salt was removed from the buffer. The latter result suggests that hydrophobic 

interactions are important for azurin binding to p53/NTD. 
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Figure 3. Left. ITC data showing the raw heat 
injections on top and, below, the thermogram 
with the integrated enthalpy as a function of 
azurin:NTD ratio. The solid curve is the best fit 
to the data. 5 μM NTD (in cell) was titrated with 
azurin (in syringe) in a buffer of 20 mM 
phosphate, 300 mM NaCl, pH 7.5, 20 °C. Right. 
Fluorescence at 350 nm of NTD (excitation at 
295 nm; i.e. Trp) as a function of added Cu-
azurin. The solvent conditions are the same as in 
the ITC experiments. Background emission from 
Cu-azurin was subtracted.  
 
 

In earlier work (35), we used ITC to probe the complex between full-length p53 and 

azurin. We then revealed that the complex involved four azurin molecules per p53 

monomer; the dissociation constant (KD) for each site was 33±12 nM (pH 7.5, 25ºC). Thus, 
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the new data suggest that NTD is the site in p53 for azurin binding; nonetheless, the other 

p53 domains may also play a role (perhaps via long-range interactions/conformational 

changes) as the stoichiometry and affinity of azurin binding differs between the full-length 

and NTD p53 constructs. 

Each p53 monomer contains four tryptophan residues: three in the NTD (Trp23, 

Trp53, Trp91) and one in the DBD (Trp146). The tryptophan in the DBD is highly 

quenched due to nearby charges; also the other tryptophans show weak emission, which has 

been explained by solvent exposure (36). Azurin has one tryptophan (Trp48) whose 

emission is highly quenched by the copper (37). Upon addition of the copper-form of 

azurin, we find NTD’s tryptophan emission to decrease by ~ 70 % until a stoichiometry of 

2:1 is reached (Figure 3). This result supports that when azurin molecules bind to NTD, the 

copper ions are positioned near the tryptophans so that metal-induced quenching can take 

place. We also tested if NTD’s far-UV CD signal was affected by azurin binding. NTD is 

unstructured in the absence of azurin, however upon addition of 2-fold excess azurin, the 

negative CD signal around 210-220 nm from NTD grows larger indicating gain of structure 

(not shown). Infra-red (IR) spectroscopic studies of the NTD-azurin interactions suggest 

that β-sheet structure is formed. To reveal if some azurin molecules bind to the other p53 

domains, future studies will include preparation and studies of the DBD and CTD domains 

of p53. 

 

Task 2. Elucidate the molecular mechanism by which azurin may increase cellular levels 

of p53 

We propose that the increased cellular levels of p53 observed in the presence of 

azurin may be due to (i) increased intrinsic stability of p53, (ii) steric shielding of p53 from 

degradation enzymes or (iii) enhanced DNA-binding capacity. To reveal the molecular 

mechanism behind azurin’s ability to promote p53-mediated cell death in cancer cells, we 

have investigated all three possibilities in vitro using full-length p53 and azurin.  

Azurin’s effect on p53’s intrinsic thermodynamic stability was probed by 

equilibrium-unfolding experiments using GuHCl and temperature perturbations. Since there 

has been some conflicting reports on wild-type p53 stability (11, 12), we first clarified this 

issue at our conditions. The observation on p53 in isolation was compared to unfolding data 
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when in complex with azurin. p53 was found to unfold before azurin (i.e., at lower 

denaturant concentration and at lower temperature). This is reasonable since the copper-

form of azurin has an usually high stability (52 kJ/mol, pH 7): its GuHCl-unfolding 

midpoint is ~4.5 M and it is thermally stable up to at least 75°C (21, 38). Unfolding of p53 

was monitored by far-UV CD (39).  

Our experiments showed that the thermal stability of full-length p53 as monitored 

by far-UV CD is not increased by azurin-complex formation (Figure 4). In agreement with 

published data on full-length p53 (36), the unfolding midpoint for p53 appeared at 65ºC and 

the unfolded state retains some secondary structure. In the presence of azurin, the midpoint 

shifts downwards by 5ºC; moreover, p53 unfolding becomes more complete (i.e. unfolded 

state appears more random-coil like). This implies (i) that azurin remains bound throughout 

p53’s thermal transition, (ii) that the presence of bound azurin restricts long-range 

interactions that somewhat stabilize the native structure of p53 and, finally, (iii) that bound 

azurin limits retention of secondary-structure elements in the unfolded state. In analogy, the 

GuHCl-induced unfolding experiments at room-temperature revealed that also p53's 

thermodynamic stability towards chemical perturbation is not enhanced by the interaction 

with azurin. Based on these findings, the increased cellular levels of p53 in the presence of 

azurin are not due to increased wild-type p53 stability.  
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Figure 4. Thermal transitions monitored by CD at 218 nm for p53 
alone (open symbols) and p53 in complex with azurin (filled symbols; 
azurin signals subtracted). Note that azurin (copper-form) does not 
unfold until above 75ºC. 
 

 

 

Several inactivating enzymes bind to p53’s NTD, thus masking the transcription 

activation segment. For example, the MDM2 protein is overactive in many tumors; its 

binding to the NTD results in p53 inactivation and degradation (13). If azurin binds to 

NTD, as suggested by the results in Task 1, its binding-site may overlap with those of 

inactivation and degradation proteins and, therefore, bound azurin molecules may sterically 

shield p53 from interacting with such proteins. Depending on the relative p53 affinities, 

 8



Wittung-Stafshede, W81XWH-06-1-0572 

azurin may even displace degradation and inactivation proteins from p53. To address this 

hypothesis in vitro, we performed proteolysis experiments of full-length p53 in the 

presence and absence of azurin. Chymotrypsin, that hydrolyses peptide bonds involving 

tyrosines, phenylalanines and tryptophans, as well as trypsin, that is specific to lysines and 

arginines, was employed. p53 has four tryptophans, nine tyrosines, ten phenylalanines and 

forty-six residues that are either lysine or arginine. Extent of cleavage was monitored as a 

function of time and detected by standard gel-electrophoresis methods. Despite a large 

number of experiments in which we varied enzyme concentration, solvent conditions and 

temperature, we never detected any differences in the proteolytic pattern of p53 as a 

function of the presence/absence of azurin. Thus, at least with respect to chymotrypsin and 

trypsin, azurin binding does not protect p53 towards degradation.  

To investigate the effect of azurin on p53's DNA-binding ability, we used a 20 base-

pair DNA duplex (5’-AGGCATGTCTAGGCATGTCT-3’ and 3’-

TCCGTACAGATCCGTACAGA-5’ oligonucleotides annealed) that contains the 

consensus sequence for p53 binding. We employed ITC to first reveal the affinity between 

p53 and the DNA target at our conditions. Next we tested p53’s ability to bind DNA in the 

presence of azurin (Figure 5). Stronger DNA binding in the presence of azurin would 

provide a mechanistic explanation for how azurin mediates p53-induced apoptosis in vivo. 

However, we did not observe tighter binding in the presence of azurin; in fact, the presence 

of azurin did not affect the DNA binding of p53 to any degree (the dissociation constant for 

the p53-DNA complex was 50±20 nM both with and without azurin; pH 7.5, 20 ºC). This 

result provides further support that azurin binds to NTD, which is a domain that is not 

involved in DNA binding. 
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Figure 5. ITC data showing the integrated enthalpy as a 
function of DNA:p53 ratio. The solid curve is the best fit to the 
data. 5 μM p53 with 25 μM azurin (in cell) was titrated with 
pre-formed DNA duplex (in syringe) in a buffer of 350 mM 
phosphate, 150 mM NaCl, pH 7.5, 20 °C. The data analysis 
give a dissociation constant of about 50 nM and a stoichiometry 
of about 1 DNA duplex per two p53. The same parameters were 
found in the absence of azurin. 

 

 

 9



Wittung-Stafshede, W81XWH-06-1-0572 

Task 3. Define the surface on azurin that interacts with p53 and reveal the role of 

azurin's metal cofactor in p53 binding  

We have made comparisons of the interactions between p53 and apo-, zinc- and 

copper-forms of azurin, respectively, by ITC. We find that the presence of a metal (Cu or 

Zn) is favorable for high affinity but that the apo-form of azurin can also bind to p53. It has 

earlier been shown that two residues in azurin (Met44 and Met64) are important for 

complex formation with p53. In contrast to wild-type azurin, the Met44LysMet64Glu 

double-mutant of azurin did not bind p53 (4-7). In the future (not possible within the time 

frame of this project), we will prepare a set of azurin surface mutants, focusing on residues 

in azurin’s hydrophobic patch which include Met44 and Met64. This is the surface area of 

azurin known to be involved in interactions with other redox proteins in vitro (40). After 

preparation, the variants will be tested for p53 binding by ITC and gel-filtration 

experiments. We note that the peptide work described under task 4 below provides 

complementary information on what parts of azurin interacts with p53. 

To explore the biological consequences of a possible need for the copper-form of 

azurin for tight binding to p53, we investigated the effects of copper on the structure and 

stability of two human proteins that participate in copper metabolism pathways. These 

proteins could be involved in interactions with azurin, which may result in azurin de-

metallation or hinder azurin to reach p53, if azurin-based molecules are to be used as cancer 

drugs in the future. One of the proteins (i.e., ceruloplasmin) has the same fold as azurin but 

contains 6 such domains and functions as a ferroxidase in the plasma. The other human 

protein (i.e., copper-chaperone Atox1) has a different fold and is responsible for copper 

transport and delivery in the cytoplasm. Before assessing how these proteins may interact 

with azurin, it is required to elucidate their individual properties. The results of 

thermodynamic characterizations of these proteins are described in three manuscripts 

published in Biochemisty, Biophys Journal and Biochem Biophys Acta (41-43). From these 

studies we have learnt how Cu is inserted and how it affects protein structure and stability. 

In the case of ceruloplasmin, this is of high importance since mutations in this protein 

causes severe problems with Cu transport in patients. We note that in addition to their 

relevance to azurin and the purpose of targeting p53, these proteins appear to over-

expressed in many cancers and it is proposed that copper accumulates in tumors.  
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We also characterized the novel bacterial copper chaperone, CopC, which is 

structurally similar to azurin and found in the periplasm of Cu resistant bacteria. By 

analyzing the role of copper in stability and folding of CopC, we hoped to reveal common 

properties of cupredoxin-like structures; such features could then be applied to azurin-based 

drug molecules. The thermodynamic in vitro work on CopC was described in a paper in 

Arch Biochem Biophys (44). 

  

Task 4. Use the acquired information on the complex to design small peptide variants 

that retain the ability to bind and affect p53 like full-length azurin 

 The acquired information from the work in Tasks 1-3 will ultimately be used to 

design peptide variants that mimic azurin’s interaction with p53. In contrast to full-length 

proteins, small peptides are not expected to trigger immunological responses when 

introduced into a host organism. Moreover, there are strategies to deliver peptides into cells 

(for example by linkage to a harmless protein that can breach cell membranes) and ways to 

eliminate peptide vulnerability to degradation (45-47).  

To date, we have tested a small 13-residue peptide corresponding to azurin’s C-

terminal sequence, i.e., residues 111-124 with the sequence FCTFPGHSALMKG (19, 48). 

This peptide contains three key residues involved in azurin’s copper site, Cys112, His117 

and Met 121 (bold in above sequence). The peptide was tested for p53 and NTD binding 

with and without the presence of copper (Figure 6). We found that the Cu-loaded peptide 

binds to p53 in a 1:1 stoichiometry and a KD of about 100 nM was estimated (pH 8, 20 °C). 

This is only 25-fold weaker binding than full-length azurin binding to p53. The Cu-peptide 

complex could also bind to NTD in a 1:1 stoichiometry although the affinity was now 

reduced to correspond to a KD of about 2.6 μM. Nonetheless, this is only 10-fold weaker 

than full-length azurin’s affinity for NTD. The peptide binding was reduced if Cu was 

removed. In the absence of copper, the KD of the peptide for p53 was 600 nM and no 

peptide interaction with NTD could be detected (Figure 6). The control experiments testing 

if copper alone could bind to p53 was negative, indicating no such interaction. Key 

thermodynamic parameters are listed in Table 1. 
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Figure 6. Left. ITC data showing the raw heat 
injections on top and, below, the thermogram 
with the integrated enthalpy as a function of 
peptide:p53 ratio. The solid curve is the best fit 
to the data. 2 μM p53 (in cell) was titrated with 
Cu-peptide (in syringe) in a buffer of 100 mM 
phosphate, pH 8, 20 °C. Right. Comparison of 
thermograms for peptide additions to NTD with 
(filled symbols) and without (open symbols) pre 
incubation with Cu. 
 

 

These results have several implications. First, they suggest that it is the area around 

the metal site in azurin that interacts with p53. Second, they suggest that metal-induced 

secondary structure in the peptide is important for tight binding, in agreement with specific 

binding sites on p53. Third, since peptide binding occurs also to NTD, it strengthens the 

conclusion that full-length azurin also binds to NTD. Finally, these observations indicate 

that peptide mimics can reproduce (at least part of) the azurin-p53 interaction.  

We have performed cell culture studies (with collaborator Dr. Ananda Chakrabarty) 

to test the ability of the peptide (+/- copper) to penetrate cancer cells (MCF-7 and Mel-6 

cells), interact with p53, and thereby trigger apoptosis. Unfortunately, we found that the 

peptide itself did not cause much cell death, likely because of poor cell penetration. In the 

presence of Cu, increased apoptosis was observed although additions of Cu alone or azurin, 

at the same levels, resulted in higher levels of apoptosis. These experiments imply that in 

order for the peptide to work in vivo, it needs help to go into the cells. This can be done by 

attachment of another peptide stretch from azurin that was recently shown to act as a 

‘transduction domain’ that enters mammalian cells efficiently (49). Therefore, future work 

will involve studies of a longer peptide with the Cu-site region and the cell-entry part fused 

by a couple of Gly residues. If peptide-based constructs can be found that enter cells, bind 

to p53 like full-length azurin and trigger apoptosis in vivo, they will be novel leads for the 

development of new cancer drugs. 

We have also analyzed how the crowded environment inside of cells affects protein 

structure, stability and folding. This is important as azurin (or any drug based on azurin) 

and p53 will meet in such an environment. To start on this, we used model proteins that had 

been extensively characterized in dilute solutions. We found that both the α/β protein 
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flavodoxin and the all α-helical protein VlsE became more structured in the presence of 

crowding agents. By computer simulations, we revealed where in the proteins the additional 

ordering was taking place. We reported these findings in Proc. Natl. Acad. Sci and Febs 

Letters (50, 51). This discovery was surprising as excluded-volume theory assumes that the 

native state remains the same and that crowding perturbs only the unfolded state. 

Additional work on azurin in crowding agents revealed that also this protein becomes more 

ordered in crowded conditions. Future work will involve repetition of the azurin-p53 

binding studies in the presence of crowding agents to see if the parameters change. 
 
 Azurin variant  Variant of p53 KD Stoichiometry 

Cu-azurin p53 40 nM 4:1 
Apo-peptide p53 600 nM 1:1 
Cu-peptide p53 100 nM 1:1 
Cu-azurin NTD 300 nM 2:1 

Apo-peptide NTD No binding - 
Cu-peptide NTD 2.6 μM 1:1 

Table 1. Summary of 
auzin/peptide 
interactions with 
p53/NTD (pH 7.5-8.0, 
20 °C). 
 

 

Key research accomplishments 

• Copper-form of azurin binds to NTD domain of p53 with nM affinity 

• Stoichiometry of azurin-NTD complex (i.e., 2:1) differs from that of azurin-p53 

(i.e., 4:1) indicating that other p53 domains play some role in interaction 

• Azurin binding does not increase p53 stability, protect p53 against proteases or 

affect p53’s DNA binding 

• Peptide corresponding to copper-binding segment of azurin binds to p53 similarly to 

full-length azurin; Cu is required for this 

• Peptide alone does not enter mammalian cells; transduction domain needed 

• Properties of two human copper-metabolism proteins have been identified; these 

proteins are important as they may cross-react with azurin-based drugs 

• The crowded environment inside cells is found to affect protein native structures 

and thus may influence the azurin-p53 binding reaction 

 

Reportable outcomes 

• Six manuscripts published (see Appendix) 

• Poster presented at Era of Hope meeting 2008 (see Appendix) 
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• Training of postdocs; one got a research position at National lab due to this work 

• Increased interest to join research group from incoming students 

• Initiation of new collaborations; widening of research scope 

 

Conclusion/”So what?” 

Reports of regression of cancer in humans infected with microbial pathogens date 

back more than 100 years (3). However, live bacteria produce significant toxicity, limiting 

their use. The unprecedented observation that the small bacterial protein P. aeruginosa 

azurin forms a complex with the well-known tumor suppressor protein p53 and triggers cell 

death provides a new avenue for cancer research. Our biophysical project provides key 

physical, chemical and structural understanding of azurin’s interaction with p53 in vitro. 

We propose that the results of our studies may be used to develop small peptide constructs 

that bind and stabilize p53 like full-length azurin. If these molecules turn out to work in 

vivo, it may be the gateway to an innovative class of new cancer therapeutics. 
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Abstract

Here, we present the first characterization of in vitro unfolding and thermodynamic stability of two copper chaperone proteins: Bacillus subtilis
CopZ and Homo sapiens Atox1. We find that the unfolding reactions for apo- and Cu(I)-forms of CopZ and Atox1, induced by the chemical
denaturant, guanidine hydrochloride (GuHCl), and by thermal perturbation are reversible two-state reactions. For both proteins, the unfolding
midpoints shift to higher GuHCl concentrations and the thermodynamic stability is increased in the presence of Cu(I). Despite the same overall fold,
apo-CopZ exhibits much lower thermal stability than apo-Atox1. Although the thermal stability of both proteins is increased in the presence of
copper, the stabilizing effect is largest for the less stable variant. Divergent energetic properties of the apo- and holo-forms may be linked to
conformational changes that facilitate copper transfer to the target.
© 2007 Elsevier B.V. All rights reserved.
Keywords: Protein folding; Metallo-chaperone; Protein stability; Copper metabolism; Spectroscopy
1. Introduction

Copper is one of the most prevalent transition metals in living
organisms [1]; its biological function is intimately related to its
redox properties. Many proteins that participate in cellular
respiration, antioxidant defense, neurotransmitter biosynthesis,
connective-tissue biosynthesis and pigment formation use
copper as the prosthetic, active group [2–5]. Since free copper
is toxic, copper homeostasis in living organisms is tightly
controlled by subtle molecular mechanisms [6–8]. In eukar-
yotes, before cellular uptake via high-affinity copper transpor-
ters of the CTR family [5], Cu(II) ions are reduced to Cu(I).
During the past decade, an important class of proteins, termed
copper-chaperones, has been identified in the cytoplasm that
binds Cu(I) with Cys2 coordination [5,9–12]. These small,
soluble proteins guide and protect the copper ions within the cell,
Abbreviations:CD, circular dichroism;Tm, thermalmidpoint; DTT, dithiothreitol
⁎ Corresponding author. Department of Biochemistry and Cell Biology, Rice

University, 6100 Main Street, Houston, TX 77251, USA.
E-mail address: pernilla@rice.edu (P. Wittung-Stafshede).

1570-9639/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbapap.2007.07.020
delivering them to the appropriate functional protein receptors.
P-type ATPases are membrane spanning receptor proteins with
cytoplasmic metal-binding domains that transfer Cu(I) through
membranes from one cellular compartment to another. In
humans, ATP7A (i.e., Menkes disease protein) and ATP7B
(i.e., Wilson disease protein) proteins are P-type ATPases
involved in copper transport [5,10,13]; in an ATP-dependent
process, they translocate copper from the cytoplasm into the
Golgi lumen for insertion into enzymes in the secretory pathway
[5], such as apo-ceruloplasmin [14].

One hallmark of the copper chaperones is the similarity of the
fold between the chaperone and the target metal-binding
domains of the ATPases [2,15,16]. Solution NMR and X-ray
crystal structures [15–23] demonstrate that these proteins
possess a βαββαβ ferredoxin-like fold with the metal ion
bound by the two cysteines in a MXCXXC motif in a surface-
accessible loop towards the N-terminus (Fig. 1). Despite the
wealth of structural data, there is no folding or stability data on
copper-transport proteins. Since these proteins switch between
apo- and holo-forms as part of their functional cycle, biophysical
properties of both states are of biological relevance and may

mailto:pernilla@rice.edu
http://dx.doi.org/10.1016/j.bbapap.2007.07.020


Fig. 1. Structures of CopZ (1KOV; left) and Atox1 (1TL4; right). Copper, blue;
metal-binding cysteines, red; tyrosines (Tyr65 in CopZ; Tyr64 and Tyr31 in
Atox1), orange.
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explain how vectorial copper transport is achieved despite an
apparent shallow thermodynamic gradient [24].

To address this issue, we have compared the in vitro
unfolding processes and thermodynamic stability of homol-
ogous copper chaperones from two different organisms: Ba-
cillus subtilis CopZ and Homo sapiens Atox1. Although these
proteins share only 15% sequence identity, they both have the
ferredoxin-like fold and the conserved copper-binding motif
(Fig. 1). We find that both proteins can unfold in two-state,
reversible equilibrium reactions. While Atox1 is more
resistant than CopZ to thermal perturbations, in both apo-
and holo-forms, the difference in thermodynamic stability
between the two homologs at room temperature is small. For
both Atox1 and CopZ, the coordination of the Cu(I) cofactor
stabilizes the folded state towards perturbations.
2. Materials and methods

2.1. Protein preparation

A pALTER-Ex1 plasmid with the CopZ gene and a pET28a vector with
the H. sapiens Atox1 gene were expressed in Escherichia coli. For both
proteins, published purification protocols were followed [24,25] with slight
modifications. The proteins were purified in apo-forms. Additional EDTA
dialysis was employed to assure no zinc contamination. Protein molecular
weights were confirmed by mass spectrometry. Protein samples were stored at
−80 °C, in the presence of 1 mM DTT, until use. DTT was removed by
extensive dialysis (4 buffer exchanges) to buffer without DTT under argon
gas. The presence of the two cysteines in the metal-binding motif was
verified with Ellman's assay on samples in the absence of DTT. In copper
titrations to apo-CopZ or apo-Atox1, copper was added as CuCl2 in presence/
absence of 1 mM DTT as indicated. Unfolding experiments on apo- and Cu
(I)-forms of the two proteins were performed in the presence of 1 mM DTT if
not otherwise noted.

2.2. Spectroscopy

Far-UV CDwas measured in a 1-mm cell between 200 and 300 nm; near-UV
CD was measured in a 1-cm cell between 250 and 400 nm (Jasco J-810
spectropolarimeter). Tyrosine fluorescence was measured on a Varian Eclipse
fluorometer with excitation at 280 nm and emission monitored between 290 and
400 nm.
2.3. Chemical and thermal unfolding

GuHCl-induced unfolding was performed in 20 mM Tris, pH 7.5, 20 °C,
1 mMDTT, 30 μMprotein (apo- or holo-forms of CopZ or Atox1). To obtain the
holo-forms, 1 equivalent of copper was added as CuCl2; in the presence of DTT,
the Cu(II) is reduced to Cu(I) [25,26]. In some protein samples, DTT was
removed before Cu(II) was added (see text). All samples were incubated for 2 h
before far-UV CD and fluorescence spectroscopic measurements. There was no
time dependence in the reactions for incubation time variations from 30 min to
6 h. Thermal CD and fluorescence data (CD signal at 220 nm and emission at
303 nm) was acquired with a scan rate of 0.5° per min (from 20 to 90 °C). Faster
or slower scan rates did not change the thermal profiles and in all cases forward
and backward (from 90 to 20 °C) scans overlapped indicating true equilibrium
reactions. The chemical unfolding data was fit to standard equations for two-state
reactions [27,28] to reveal m-values and unfolding-free energies, ΔGU(H2O).
Reaction reversibility was tested in all cases. For each protein variant, the far-UV
CD (at 220 nm) and tyrosine emission (at 303 nm) data points overlapped in both
thermal and chemical reactions. There was no protein-concentration dependence
in the transitions (10–50 μM range tested).

3. Results

3.1. Characterization of apo- and holo-forms of CopZ and Atox1

Copper loading of CopZ and target metal-binding domains in
Wilson disease protein have been monitored by near-UV CD
changes [25,29]. It has been reported that regardless of Cu(II) or
Cu(I) additions, the protein-bound form is always Cu(I) [25,30–
32]. Thus, the copper-binding site must have a considerable
preference for Cu(I) over Cu(II), resulting in a high redox
potential for the Cu(II)/Cu(I) couple. This is consistent with the
principles of hard/soft acid/base theory, which predicts that soft
cysteine-thiol ligands have a preference for soft metals such as
Cu(I) [33]. In the presence of a reducing agent such as DTT,
copper is reduced prior to protein incorporation. In the absence
of DTT or other reducing agents, the source of electrons is not
known although copper auto-oxidation/reduction has been
proposed [25]. We used Ellman's assay to estimate the amount
of reduced cysteine thiols in CopZ after sub-stoichiometric
additions of Cu(II) in the absence of DTT. Based on our results, it
appears that protein-thiol oxidation may not be the major source
of electrons for Cu reduction in the absence of exogenous
reducing agents (data not shown).

Copper titrations to apo-CopZ monitored by near-UV CD
demonstrate the formation of distinct protein–copper com-
plexes: addition of Cu(II) in the absence of reducing agent
results in a holo-protein complex proposed to involve two
proteins bridged by copper via the cysteine residues [25]. In
contrast, addition of 1 equivalent of Cu(II) in the presence of
DTT creates a monomeric 1:1 holo-form, perhaps involving
DTT as an exogenous copper ligand in addition to the two
cysteine thiolates (Fig. 2A) [19,34]. We note that the latter
species (i.e., the 1:1 complex) may be the most relevant as the
cytoplasmic milieu, where these proteins reside, is reducing. In
vivo, glutathione may acts as a third copper ligand [35] (instead
of DTT) or the metal may be two-coordinated using only the
protein cysteines [9].

In CopZ, Tyr65 is positioned close to the copper site, i.e.,
within 7–8 Å [25,36]. In accord, we found that copper additions
to CopZ result in emission quenching until 1:1 stoichiometry is



Fig. 2. (A)Near-UVCDof apo-(red) and holo-forms of CopZ: 1:2 (light blue, noDTT) and 1:1 (dark blue, 1mMDTT) copper-to-protein complexes (pH 7.5, 20 °C). (B)
Copper additions to apo-CopZmonitored by fluorescence changes at 303 nm (pH 7.5, 20 °C). (C) Far-UVCD spectra of folded (red; buffer, pH 7.5, 20 °C) and unfolded
(gold; 5MGuHCl, pH 7.5, 20 °C) forms of apo-CopZ. Inset C: fluorescence spectra of folded (red; buffer, pH 7.5, 20 °C) and unfolded (gold; 5MGuHCl, pH 7.5, 20 °C)
forms of apo-CopZ. (D) Far-UV CD spectra of folded (blue; buffer, pH 7.5, 20 °C) and unfolded (gold; 5 M GuHCl, pH 7.5, 20 °C) forms of holo-CopZ. Inset D:
fluorescence spectra of folded (blue; buffer, pH 7.5, 20 °C) and unfolded (gold; 5 MGuHCl, pH 7.5, 20 °C) forms of holo-CopZ. Similar CD and emission spectra as in
panels C and D were collected for folded and unfolded forms of apo- and holo-Atox1. Whereas the fluorescence decreases for the apo-forms upon unfolding, due to
tyrosine exposure to solvent, the emission increases upon unfolding of the holo-forms as the fluorescence is quenched by the copper in the folded state.
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reached (with DTT; Fig. 2B). Although copper binding is in
essence stoichiometric at these conditions, a protein–copper
dissociation constant of about 0.2±0.1 μM (pH 7, 20 °C) could
be derived from the fluorescence data. Notably, this value is in
good agreement with a previous estimate for CopZ [25].

The copper-binding behavior of apo-Atox1 parallels that of
CopZ when monitored by near-UV CD and tyrosine emission
changes (data not shown). However, due to the longer distance
between the copper site and the tyrosines (see Fig. 1), the
emission quenching upon copper binding is less for Atox1 (i.e.,
emission quenched by∼30% in Atox1 as compared to∼70% in
CopZ). Nonetheless, in the presence of DTT, copper binding
levels off at 1:1 ratios when monitored by fluorescence and near-
UV CD signals, indicative of a 1:1 Cu(I):Atox1 complex. A
previous calorimetric study reported 1:1 Cu(I) binding to Atox1
and a dissociation constant for the complex of about 5 μM (in
MES buffer, pH 6.5, 22 °C) [24]. In all our experiments with
Atox1, therefore, the protein concentration was kept above
20 μM to assure stoichiometric Cu(I) binding. For both Atox1
and CopZ, we verified the presence of stable 1:1 copper-to-
protein complexes by dialysis experiments (1 mM DTT, 20 mM
Tris, pH 7.5, 20 °C) followed by copper quantification using a
biquinoline assay [37].

3.2. Chemical unfolding of CopZ and Atox1

Several buffer conditions were evaluated to assure apo- and
holo-forms unfolded reversibly and copper ions did not
precipitate (final solvent conditions selected for our work
include 20 mM Tris, 1 mM DTT, at pH 7.5). Equilibrium
unfolding of CopZ and Atox1 was induced by additions of the
chemical denaturant, guanidine hydrochloride (GuHCl). Prog-
ress of the reactions was monitored by far-UV CD, probing
secondary structure, and tyrosine emission, monitoring tertiary



Fig. 3. (A, B) GuHCl-induced unfolding of apo-(circles) and holo-(squares) forms of CopZ (A) and Atox1 (B) monitored by far-UV CD. Solid curves are two-state fits
to the data. (C, D) Thermally-induced unfolding of apo-(red) and holo-(blue) forms of CopZ (C) and Atox1 (D) monitored by far-UV CD. In all cases, the holo-form
corresponds to 1:1 Cu-to-protein ratio in the presence of 1 mM DTT.
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structure (Fig. 2C, D). We found that unfolding of the apo- and
monomeric (i.e., 1:1 copper:protein form in the presence of
DTT) holo-forms of CopZ and Atox1 are reversible two-state
transitions: the CD and fluorescence-detected unfolding data
overlap in each case. The holo-forms are more resistant towards
chemical perturbation as compared to their corresponding apo-
variants (Fig. 3A, B). Both the GuHCl concentrations at the
transition midpoints, and the corresponding unfolding-free
Table 1
Thermal and chemical (20 °C) unfolding data for CopZ and Atox1 with and
without copper (Fig. 3; 1 mM DTT, 20 mM Tris, pH 7.5)

Protein Tm [GuHCl]1/2 ΔGU(H2O) ma

Apo CopZ 45±1 °C 2.3±0.1 M 13.4±0.5 kJ/mol 5.7
Holo CopZ 55±1 °C 3.0±0.1M 15.5±0.5 kJ/mol 5.1
Apo Atox1 68±1 °C 1.8±0.1M 14.5±0.6 kJ/mol 7.9
Holo Atox1 71±1 °C 2.3±0.1M 16.7±0.7 kJ/mol 7.2

ΔGU(H2O) and m-values were obtained from two-state fits to the data [27,28];
all reactions were reversible. Individual fits to the CD (at 220 nm) and emission
(at 303 nm; excitation at 280 nm) data as a function of GuHCl gave identical
parameters for each variant (fits to CD data reported here).
a Unit is: kJ/(mol·M).
energies, are increased in the presence of the metal (Table 1).
For all GuHCl-induced unfolding reactions, the reversibility was
tested by denaturant jumps to lower GuHCl concentrations
favoring the folded states. For both Atox1 and CopZ, the
reactions were over 90% reversible (data not shown).

Although the unfolding midpoints appear at higher GuHCl
concentrations for CopZ than for Atox1, the lower m-value
(corresponding to the relative amount of hydrophobic surface-
area exposed upon unfolding [27,28]) results in a lower
unfolding-free energy for CopZ as compared to Atox1 (Table
1). This implies that Atox1 has a more well-ordered structure in
the native state (regardless of the presence/absence of the metal).
This agrees with the NMR data implying more conformational
averaging in the apo-form of CopZ than in the apo-form of
Atox1 [19,31,36].

3.3. Thermal unfolding of CopZ and Atox1

Equilibrium unfolding of CopZ and Atox1 was also induced
by heating; again, progress of the reactions was monitored by
far-UV CD and tyrosine emission (Fig. 3C, D). Thermal
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unfolding of the apo- and monomeric holo-forms of CopZ and
Atox1 are also reversible two-state transitions in the presence of
DTT: the CD and fluorescence-detected unfolding data overlap
in each case. Interestingly, CopZ is significantly less stable than
Atox1 towards thermal perturbation (Tm of 45 vs. 68 °C; Table 1)
and the transitions are broader. This agrees with the observation
that chemically-induced unfolding of CopZ is less cooperative
than of Atox1. Whereas CopZ is stabilized by ∼10 °C by the
copper, the thermal curves are only shifted by a few degrees
when comparing apo- and holo-Atox1 (Fig. 3C, D). Thermal
reversibility was investigated by reverse scans from high to low
temperatures monitoring the return of the far-UV CD signal. At
the solvent conditions used here, all thermal unfolding processes
were over 90% reversible. We note that heating without DTT
resulted in irreversible protein-unfolding profiles, most likely
due to copper-mediated thiol oxidation at high temperatures.
Thus, it was not possible to assess the thermal stability of the
dimeric holo-CopZ complex formed in the absence of added
reducing agent.

4. Discussion

This is the first thermodynamic analysis of copper chaperone
unfolding and stability in vitro. Depending on copper availabil-
ity, these proteins cycle between apo- and holo-forms in vivo.
Therefore, folding and stability properties of both forms are
important to understand how these parameters are related to the
mechanism of copper transport as well as to diseases caused by
mutations in the involved proteins [6,14,38–40]. A recent
comparative structural-genomic analysis of metallochaperones
and metal-transporting ATPases noted several distinctions in
terms of residue substitutions and electrostatic/hydrophobic
patterns among these otherwise homologous proteins that were
proposed to specify partner recognition [15]. Our biophysical
observations on Atox1 and CopZ have several implications for
the function of copper-transport proteins, as described below.

First, despite the same overall structure, the apo-form of
CopZ has a 23-° lower thermal stability as compared to the apo-
form of Atox1. Variations in surface-charges may explain this
difference between the proteins on a molecular level [15]. Atox1
and CopZ share only 15% sequence identity; whereas CopZ is
acidic, Atox1 has an isoelectric point of about 7 [15]. Moreover,
CopZ has a large patch of negative charges on one side that are
proposed to be involved in target recognition (i.e., the metal-
binding domains of the B. subtilis ATPase CopA). In contrast,
the electrostatic surface pattern on Atox1 is more varied,
involving many small positive and negative areas. The
distribution of charges may allow for the formation of stabilizing
salt-bridges on the surface of Atox1 but not in the case of CopZ.
As charge–charge interactions become stronger, relative to
hydrophobic interactions, at high temperatures [41], their effect
on protein stability will be more pronounced in the thermal
unfolding experiments; in accord, this is the trend that was
observed (Table 1). From a functional perspective, the presence
of competing copper chaperones in mammalian cells [1] may
require a more stable apo-form in eukaryotes as compared to in
prokaryotes.
Second, although the copper-site is located in a loop at the
protein surface, copper binding favorably affects both thermal
(ΔTm of 3–10°; pH 7.5) and chemical (ΔG(H2O) increases by
∼15%; pH 7.5, 20 °C) stability of the two proteins. This
phenomenon suggests that copper-binding induces rearrange-
ments throughout the protein structure that improves overall
stability. This is in accord with the reported solution structures
for these proteins. By NMR, major changes in hydrophobic
interactions between secondary structure elements as a function
of copper were demonstrated in both CopZ [36] and yeast Atx1
[21]. That the stabilizing effect of metallation is not as dramatic
in Atox1 as in CopZ is also reasonable. NMR experiments have
revealed that, in contrast to the other chaperones, there are only
minor alterations in the Atox1 structure upon copper-binding
[31]. The effects of copper-binding on protein stability have
been found to vary dramatically. For example, the copper in
Pseudomonas aeruginosa azurin stabilizes the protein towards
chemical perturbations by ∼30% in its reduced form and by
100% in the oxidized form [42–44]. The copper cofactors also
contribute largely to the stability of ascorbate oxidase and Cu,
Zn-superoxide dismutase [45,46] whereas, in the multi-domain
enzyme ceruloplasmin, the coppers do not contribute at all to the
overall stability [47]. On the contrary, copper was found to
promote transitions in the prion protein towards less stable
conformations [48] and to coordinate to non-native states of
beta-2-microglobulin that resulted in native-state destabilization
[49].

Third, since copper has a stabilizing effect on both Atox1 and
CopZ, albeit the magnitudes differ, we propose that this is a
general trend that applies to copper chaperones and target metal-
binding domains in most organisms. In support of this idea,
unfolding data on the first metal-binding domain of the human
Menkes disease protein (with the same fold as CopZ and Atox1)
demonstrates that Cu(I) has a stabilizing effect (Tm differs by
∼10 °C for apo- and holo-forms; unpublished data). We propose
that differential stability of apo- and holo-forms is linked to
conformational/dynamic differences in the copper-binding loop
and nearby peptide regions that, in turn, provide amechanism for
in vivo target recognition. Copper transfer from the holo-form of
the chaperone to the apo-form of the target domain may involve
partial chaperone unfolding that is coupled to metal release.
Based on our CopZ and Atox1 data, it appears that differential
stability (and thus flexibility) of the apo-versus holo-forms are
fine-tuned by sequence variations to meet the specific need of
each organism.

Interestingly, copper-stimulated proteolysis seems to play
an important role in the regulation of copper homeostasis in
Enterococcus hirae [50–52]. E. hirae CopZ was found to be
more susceptible to degradation in the copper-bound form than
in the apo-form [53]. Copper-induced degradation of the copper
transporter Ctr1p of Saccharomyces cerevisiae and the yeast
transcription factor Mac1, involved in high affinity copper
uptake, have also been reported [54,55]. It is not clear how
preferred degradation of the holo-form of E. hirae CopZ occurs
and what is the identity of the involved protease [53]. Our
biophysical results on B. subtilis CopZ imply that a protease-
recognition mechanism involving protein unfolding is not likely,
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as we found the holo-form to be more stable than the apo-form.
This is reasonable as many proteins can exist in unfolded forms
in vivo without degradation. Notably, the apo-form of metal-
lothionein was recently found to be present in high levels in
human tissues [56–58]. Moreover, although the apo-form of
metallothionein is unfolded [59], the folded metal-form (like
holo-CopZ in E. hirae) appeared less resistant to proteolysis
than the apo-form [57].

Finally, from a technical standpoint, our discovery of metal-
dependent fluorescence of these copper-chaperones will allow
for real time spectroscopic investigations of metal transfer
between CopZ/Atox1 and selected target metal-binding domains
(work in progress). Notably, the target metal-binding domains of
bacterial CopA as well as the humanWilson andMenkes disease
proteins do not have tyrosines at the same positions, i.e., near the
metal sites, as in CopZ and Atox1 [15].
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ABSTRACT: Human ceruloplasmin (CP) is a multicopper oxidase essential for normal iron homeostasis.
The protein has sixâ-barrel domains with one type 1 copper in each of domains 2, 4, and 6; the remaining
copper ions form a catalytic trinuclear cluster, one type 2 and two type 3 coppers, at the interface between
domains 1 and 6. We have characterized urea-induced unfolding of holo- and apo-forms of CP by far-UV
circular dichroism, intrinsic fluorescence, 8-anilinonaphthalene-1-sulfonic acid binding, visible absorption,
copper content, and oxidase activity probes (pH 7, 23°C). We find that holo-CP unfolds in a complex
reaction with at least one intermediate. The formation of the intermediate correlates with decreased
secondary structure, exposure of aromatics, loss of two coppers, and reduced oxidase activity; this step is
reversible, indicating that the trinuclear cluster remains intact. Further additions of urea trigger complete
protein unfolding and loss of all coppers. Attempts to refold this species result in an inactive apoprotein
with molten-globule characteristics. The apo-form of CP also unfolds in a multistep reaction, albeit the
intermediate appears at a slightly lower urea concentration. Again, correct refolding is possible from the
intermediate but not the unfolded state. Our study demonstrates that in vitro equilibrium unfolding of CP
involves intermediates and that the copper ions are removed in stages. When the catalytic site is finally
destroyed, refolding is not possible at neutral pH. This implies a mechanistic role for the trinuclear metal
cluster as a nucleation point, aligning domains 1 and 6, during CP folding in vivo.

Ceruloplasmin (CP; EC 1.16.3.1)1 is a circulating copper
protein found in vertebrate plasma, which belongs to the
family of multicopper oxidases together with ascorbate
oxidase and laccases (1-4). In humans, CP accounts for
∼95% of the plasma copper and plays an important role in
iron metabolism due to its ability to oxidize Fe2+ to Fe3+,
which allows for subsequent incorporation of Fe3+ into
apotransferrin (5-8). CP is also believed to function as an
antioxidant agent to scavenge free radicals, as an amine
oxidase to control levels of biogenic amines, and as a copper
transporter to deliver copper to extrahepatic tissues (8-10).
CP is synthesized in hepatocytes and secreted into the plasma
after incorporation of six copper ions in the secretory
pathway (5). Failure to incorporate this metal during bio-
synthesis results in the secretion of an unstable polypeptide
that is rapidly degraded in the plasma (11).

CP consists of a 1046 residue polypeptide and six integral
copper ions classified into five different sites (6, 9). The
crystal structure of CP (6, 9) demonstrates that the polypep-
tide is folded in sixâ-barrel domains arranged in three pairs

forming a triangular array around a pseudo 3-fold axis
(Figure 1). Three copper ions are found in type 1 (T1)
mononuclear centers located in domains 2, 4, and 6. Copper
in domains 4 (T1B) and 6 (T1A) is coordinated by two His,
one Cys, and one Met, whereas the Met is absent in the
metal-binding site in domain 2 (T1C) (6, 9). The high
reduction potential of the T1C copper indicates that it is
permanently reduced and not catalytically relevant (12, 13).
The absorption at 610 nm that gives CP its intense blue color
is a result of the oxidized coppers T1A and T1B. The
remaining three coppers form a trinuclear cluster at the
interface of domains 1 and 6. This cluster consists of a
mononuclear type 2 (T2) and a binuclear type 3 (T3) copper
site. It is envisaged that electrons are donated by substrates
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FIGURE 1: (A) Crystal structure of human CP (1kcw, pdb) with
highlighted copper ions (circles) bound to the protein (UCSF
Chimera). (B) Scheme of holo-CP showing the positions of the
coppers (circles) in the six domains. The T1 coppers in domains 2,
4, and 6 are designated as T1C, T1B, and T1A, respectively.
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to T1A or T1B via outer-sphere electron transfer and then
transferred to dioxygen at the trinuclear cluster (6, 9, 13-
15). The trinuclear cluster is surrounded by four pairs of His
residues equally contributed by domains 1 and 6.

Previous studies have indicated that the conformation of
apo-CP has molten-globulelike properties (16, 17). For more
than 40 years, it has been assumed that apo-CP binds copper
in an all-or-none fashion (18). In support, recent metabolic-
labeling experiments indicated that achieving the final state
of CP required occupation of all six copper-binding sites
without apparent hierarchy for incorporation at any given
site (5). On the other hand, there have also been reports that
invoke the possibility of partially metallated forms of CP
(19, 20). On the basis of cyanide (CN)-dependent metal-
removal attempts, it was suggested that the T1 coppers are
more sensitive than the T2 and T3 coppers to elimination
(20, 21). To probe the role of the coppers in the folding
mechanism of human CP, we here compare the chemically
induced unfolding reactions of holo- and apo-forms using a
set of biophysical tools (pH 7, 23°C). Our study demon-
strates that in vitro unfolding of both CP forms involves
populated intermediates; for the holo-form, the partially
folded intermediate has lost two coppers and some blue color,
but the trinuclear copper cluster remains intact. It appears
that this species, and thus early incorporation of the T2 and
T3 copper ions, is a necessary requirement for successful in
vivo biosynthesis of holo-CP.

MATERIALS AND METHODS

Chemicals and Instruments. Analytical-grade chemicals
ando-dianisidine were obtained from Sigma-Aldrich. 2,2′-
Biquinoline was obtained from Fluka. Human CP (>96%
purity, A610/A280 ) 0.046) was obtained from Vital Products
(Florida). The concentration of holo- and apo-CP was
determined byε280nm of 200 mM-1 cm-1. The urea concen-
tration was determined from refractive index measurements.
Absorbance, fluorescence, and far-UV circular dichroism
(CD) measurements were performed on Varian Cary 50, Cary
Eclipse, and Jasco J-810 spectrometers, respectively.

Copper RemoVal. To prepare apo-CP, 10 mg/mL of CP
was dialyzed for 2 h at 23°C against 30 mM ascorbate in
0.1 M Trizma, pH 7.2. Subsequently, dialysis continued for
20 h at 4°C against 50 mM NaCN, 10 mM EDTA, and 10
mM ascorbate in 0.1 M Trizma, pH 7.2. The dialysis
proceeded for another 24 h at 4°C (with buffer exchange
after 12 h) against 50 mM sodium phosphate buffer, pH 7.0.
Alternatively, a more harsh method to prepare apo-CP
involved denaturation of holo-CP in 9 M urea with subse-
quent dialysis against 50 mM phosphate buffer, pH 7.0, to
remove the urea and dissociated coppers. The copper content
to confirm 100% holo-form, and to reveal loss of copper at
different urea concentrations during holo-CP unfolding, was
determined according to the method developed by Felsenfeld
(22).

Unfolding and Refolding Experiments. Samples for un-
folding were prepared by suitable mixing of phosphate buffer
and urea solution (9.3 M urea in 50 mM phosphate, pH 7.0)
and protein (protein solution in phosphate buffer) with a final
protein concentration of 2-3 µM. Samples were incubated
for 1 h at 23°C. CD was obtained from the averaged signal
at 220 nm collected for 120 s at 23°C. The same samples

were used for determination of the dependence of protein
fluorescence on urea concentration. Excitation was at 295
nm, and both intensity and position of emission maximum
were determined from spectra obtained by averaging five
consecutive scans. The same parameters characterizing
8-anilinonaphthalene-1-sulfonic acid (ANS) fluorescence
were obtained from averaged emission spectra (five scans)
of protein/urea samples including 200µM ANS (excitation
at 390 nm). To test for reversibility, the protein was incubated
in 5.5 or 9.0 M urea, dependent on whether the first or second
transition was the target, respectively. The perturbed protein
was then mixed with buffer solutions containing the desired
(lower) concentration of urea, and spectroscopic measure-
ments were performed as described above. All experiments
were performed at 23°C. Each individual unfolding/refolding
transition was analyzed as described in refs23 and24 using
standard two-state equations that reveal free energies of
unfolding in buffer (i.e.,∆GU) andm values [i.e., a measure
of cooperativity of the transition or relative exposure of the
hydrophobic surface upon unfolding (23-25)].

CP Oxidase ActiVity Assay. The oxidase activity of CP
was performed by usingo-dianisidine (an aromatic diamine)
as a substrate in accordance with the procedure by Scho-
sinsky et al. (26).

Analysis of Far-UV CD Spectra. Far-UV CD spectra
(190-260 nm) were recorded at 23°C; all spectra were
averages of 10 scans. Several algorithms available in
DICHROWEB (27, 28) were used to analyze the data. The
goodness of the fits was based on the NRMSD parameter
(29), and the best score was provided by CDSSTR (30).

RESULTS

Preparing Holo- and Apo-Forms of CP.Our holo-CP
stocks were highly pure but sometimes (depending on storage
time) contained a fraction of partially metallated protein. The
oxidized T1 coppers can be identified from the 610 nm
absorption. The T2 and T3 copper sites form the catalytic
cluster and thus are probed indirectly via CP oxidase activity.
The total number of copper ions in CP can be quantified
using the 2,2′-biquinoline assay (22). Before each experiment,
100% holo-CP (i.e., the protein coordinating six coppers)
was prepared via addition of additional copper ions in the
presence of ascorbate followed by extensive dialysis to
remove the excess copper (5). On the basis of 610 nm
absorption and copper quantification, this treatment resulted
in a homogeneous sample of 100% holo-CP. Different
approaches to preparation of apo-CP have been described
(19-21): CN dialysis under reducing conditions and high-
urea treatment. Our experiments revealed that the CN dialysis
method is “best” as it does not perturb the protein structure
as much as urea treatment (see below). Thus, for our
unfolding studies, we prepared apo-CP via CN dialysis. Metal
analysis of the protein after this treatment confirmed that
all copper ions had been removed.

In Figure 2, we show the far-UV CD (secondary structure)
and fluorescence (tryptophan environment; CP has 19 Trp)
spectra of apo- and holo-forms of CP. Secondary structure
analysis of the CD data for holo-CP agree with the reported
crystal structure; the signal is dominated byâ-sheets, turns,
and random coils, with minimal or noR-helices. Analysis
of the spectra for apo-CP (prepared via CN dialysis) suggests
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that theâ-sheet content decreases with a subsequent increase
in the random coil structure. Analogously, positions of
maxima of tryptophan fluorescence of holo- (335 nm) and
apo- (340 nm) forms indicate perturbation of the tryptophan
environments in the apo-form of CP. Thus, apo-CP is
structurally distinct from holo-CP: It appears to have lost
some native structural elements. For comparison, CD and
fluorescence spectra for fully unfolded forms are also shown
in Figure 2.

Unfolding of Holo-CP.Unfolding of holo-CP was induced
by urea additions at pH 7 and 23°C. In Figure 3, we show
the far-UV CD and fluorescence signals as a function of urea
concentration. It is apparent that the process is not a simple
two-state process but involves at least two steps. There
appears to be a first transition with a midpoint of∼4.2 M

urea, resulting in the loss of about 30-40% of the far-UV
CD intensity and a shift of the emission maximum toward
higher wavelengths (i.e., from 335 to 345 nm) although the
intensity does not change much. This first process is followed
by a second transition that has a midpoint of∼7.0 M urea.
In this step, the fully unfolded form of the protein is reached
according to the far-UV CD and tryptophan emission
maximum (now at 355 nm) and intensity changes.

The unfolding reaction of holo-CP induced by urea was
also probed via ANS emission (Figure 4). ANS is a
fluorophore that emits strongly around 500 nm when bound
to hydrophobic surfaces and pockets; it is often used as a
tool to detect intermediate species of proteins as it does not
significantly bind to either folded or unfolded forms (31,
32). We find that the ANS emission shifts in a biphasic way
that matches the two transitions observed for holo-CP with
far-UV CD and tryptophan fluorescence. First, there is a
small increase in the ANS emission together with a shift of
the peak toward a higher maximum wavelength: This
transition has a midpoint at∼4-5 M urea. This change is
followed by a further shift toward higher wavelengths of the
ANS emission maximum in a second transition with a
midpoint at∼7 M urea. This result supports the presence of
an intermediate species at intermediate urea concentrations
(i.e., at∼5.5 M urea).

The fates of the copper ions during urea treatment were
tested by visible absorption at 610 nm (probing the oxidized
T1 sites), copper analysis (probing total copper content), and
oxidase activity (probing the catalytic cluster) as a function
of urea (Figure 5). We find∼50% decrease of 610 nm
absorbance (which may correspond to destruction of one of
the two oxidized T1 sites) in a first phase that parallels the
first CD/fluorescence-detected transition. Copper quantifica-
tion revealed that in total two copper ions have been removed
from the protein at 5.5 M urea. The remaining blue color
disappears at higher urea concentrations (6-7 M urea)
together with loss of all copper ions (Figure 5). CP’s oxidase
activity disappears in a three-state transition that matches
the disappearance of blue absorption (Figure 5): The first
process results in a loss of about 60% activity. This indicates
that although the intermediate form of CP at 5.5 M urea has
lost some coppers, the catalytic copper cluster is still
functional.

The binding site of aromatic diamine substrates such as
o-dianisidine used here is located in domain 4 near T1B (6);
thus, if this is the perturbed oxidized T1 site in the

FIGURE 2: (A) Far-UV CD spectra of holo (b), apo(CN) (O), and
apo(urea) (*) forms of CP. According to the CDSSTR algorithm,
holo-CP contains 5%R-helix, 37%â-strands, 23% turns, and 33%
unordered secondary structures. Corresponding contents in apo-
(CN)-CP are 3%R-helix, 33% â-strands, 22% turns, and 41%
unordered secondary structures. (B) Tryptophan emission (excitation
at 295 nm) of holo (b), apo(CN) (O), and apo(urea) (*) forms of
CP. For comparison, CD and fluorescence signals of fully unfolded
apo- (dotted curves) and holo-CP (solid curves) (i.e., in 9 M urea)
are also shown.

FIGURE 3: Isothermal denaturation of holo-CP followed by (A)
CD at 220 nm and (B) tryptophan fluorescence (excitation at 295
nm). Unfolding of native-CP (O), refolding of CP from 5.5 M urea
(*), and refolding of CP from 9.0 M urea (b). The continuous lines
are fits to the experimental values (Table 1).

FIGURE 4: Isothermal denaturation of holo-CP followed by ANS
fluorescence (excitation at 390 nm). Unfolding of native-CP (O)
and refolding of CP from 9.0 M urea (b). The continuous lines are
fits to experimental values (Table 1).
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intermediate, one may expect less activity. However, also,
removal of T1A may affect electron transfer from T1B to
the catalytic cluster. On the basis of our data, we cannot
distinguish which oxidized T1 site is perturbed. The T1C
copper is spectrally invisible as it is permanently reduced
(13). It is probable that this copper ion, missing one protein
ligand as compared to the other T1 sites, will dissociate most
readily of all copper cofactors in CP. Thus, it appears
reasonable that this copper is one of the two metals removed
in the intermediate. We note that the tryptophan fluorescence
in folded holo-CP is quenched by the metals; in accord with
several metals remaining in the intermediate, the emission
stays quenched until∼7 M urea has been added (data not
shown).

Next, refolding of holo-CP from the intermediate (i.e., 5.5
M urea) and fully unfolded (i.e., 9 M urea) states was tested.
We find that nativelike far-UV CD and Trp fluorescence
signals appear upon refolding from the intermediate species
(Figure 3). Also, the blue color and oxidase activity return
to native-state levels when refolded from the 5.5 M urea state.
This suggests that albeit two coppers are gone in the
intermediate, these can rebind upon protein refolding.

In contrast, refolding from the unfolded state (9 M urea)
results in a protein species distinctly different from the native
state. This form has an intermediate-sized far-UV CD signal
(and different shape), only partial restoration of the native-
like tryptophan emission, no blue color, no copper bound,
no oxidase activity, and is found to interact strongly with
ANS (Figures 3 and 4). For this species, the ANS emission
is increased 3-fold as compared to that for the native-state
and 2-fold as compared to that for the intermediate and
unfolded states; moreover, the emission maximum is largely
red-shifted to 480 nm. Taken together, these properties are
indicative of a molten-globulelike species (33-38). Refold-
ing into the molten-globule species occurs in a broad
transition with a midpoint of 4.0-4.5 M urea. Repeated
unfolding reveals the same urea-unfolding curve as the one
obtained in the refolding experiments from 9 M urea, in
accord with reversibility (data not shown). On the basis of
the spectroscopic properties, the molten-globulelike CP form
is not identical to the apo-form that is prepared via CN
dialysis (see below).

The parameters obtained from fits to the different holo-
CP unfolding curves are reported in Table 1. It is clear that

the parameters for the first transition, from native to
intermediate state, match among the five detection methods
and correspond to a free-energy change of about 15 kJ/mol
(pH 7, 23°C). Them value, indicative of relative exposure
of hydrophobic surfaces upon perturbation (23-25), is low
for the protein of this size (120 kDa), supporting that only
partial unfolding is involved in the transition. The second

FIGURE 5: Isothermal denaturation of holo-CP followed by oxidase
activity (O) monitored by reaction of CP witho-dianisidine and
by visible absorbance at 610 nm (b). The total copper content in
CP at different urea concentrations are also shown. The amount of
copper (0) was quantified after dialysis of samples at each specified
urea concentration, to remove any dissociated copper ions. The
continuous lines are fits to experimental values (Table 1).

Table 1: Parameters Describing the Conformational Transitions of
Holo- and Apo-CP as Monitored by Far-UV CD (CD220 nm),
Tryptophan (FTrp), and ANS (FANS) Fluorescence Maxima
Placement, Blue Copper Absorbance (A610 nm), and Oxidase
Activity a

detection
urea change

(M)
∆GU

(kJ/mol)
m

(kJ/mol, M)
[urea]1/2

(M)

holo-form
CD220nm 0 f 5.5 15.3( 0.7 3.7( 0.2 4.1
CD220nm 5.5f 9 39.5( 3.0 5.7( 0.4 6.9
CD220nm 5.5f 0 -15.2( 1.1 3.6( 0.3 4.3
CD220nm 9 f 0 -8.6( 0.9 1.9( 0.2 4.6
FTrp 0 f 5.5 15.2( 1.3 3.5( 0.2 4.3
FTrp 5.5f 9 37.4( 2.0 5.3( 0.4 7.0
FTrp 5.5f 0 -17.1( 1.5 3.8( 0.3 4.5
FTrp 9 f 0 -10.9( 1.0 2.3( 0.2 4.2
FANS 0 f 5.5 5.0
FANS 5.5f 9 7.1
FANS 9 f 0 -11.7( 1.2 2.1( 0.2 5.4
activity 0 f 5.5 15.6( 1.9 3.6( 0.4 4.4
A610nm 0 f 5.5 17.2( 1.2 4.1( 0.3 4.2

apo-form
CD220nm 0 f 5.5 14.4( 1.1 3.1( 0.3 3.8
CD220nm 5.5f 9 36.5( 3.9 4.8( 0.5 7.6
CD220nm 5.5f 0 -13.2( 1.1 3.6( 0.3 3.7
FTrp 0 f 5.5 14.6( 0.7 4.2( 0.2 3.5
FTrp 5.5f 9 28.8( 2.0 4.5( 0.3 6.4
FTrp 5.5f 0 -12.5( 3.7 3.7( 0.7 3.4
FANS 0 f 5.5 13.6( 1.5 2.9( 0.3 4.6

a The direction of the urea jump (i.e., unfolding or refolding) is
indicated.∆GU, m values, and [urea]1/2 were obtained from two-state
fits to individual transitions. (Fit parameters for most of the ANS data
were not reliable and are not shown.)

FIGURE 6: Isothermal denaturation of apo-CP followed by (A) CD
at 220 nm and (B) tryptophan fluorescence (excitation at 295 nm).
Unfolding of native-CP (O), refolding of CP from 5.5 M urea (*),
and refolding of CP from 9.0 M urea (b). The continuous lines are
fits to experimental values (Table 1).
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step, intermediate to unfolded, is irreversible, and one must
use caution when analyzing the fit parameters. Nonetheless,
it appears that this transition involves a higher free-energy
change and more hydrophobic surface exposure than the first
process. The refolding/unfolding of the molten-globule
species, which is a reversible transition, corresponds to a
free-energy change of about 10 kJ/mol (pH 7, 23°C) and
low cooperativity based on the lowm value.

Unfolding Apo-CP.Urea-induced unfolding was also
investigated with apo-CP prepared by CN dialysis. In Figure
6, far-UV CD and fluorescence curves as a function of urea
concentration are shown. Again, unfolding appears in two
phases, a first transition with a midpoint of about 3.5 M urea
followed by a second transition with a midpoint of about
6-7 M urea. The intermediate species has only∼35% of
the original negative far-UV CD signal; the emission

maximum is shifted from 340 to 347 nm. ANS binding to
apo-CP vs urea concentration was also tested; the results
mimic the trends seen above for the holo-protein (Figure 7);
again, a biphasic transition is observed when the ANS
emission maximum is plotted vs urea concentration.

Whereas refolding of the intermediate species (from 5.5
M urea) results in an apo-protein that is identical to that of
the starting form, refolding from 9 M urea again results in
the molten-globulelike species that has distinct CD/fluores-
cence and ANS-binding properties (Figures 6 and 7). As in
the case of the fully unfolded holo-protein, refolding of the
apo-protein from 9 M urea occurs in a broad transition with
a midpoint of∼4.3 M urea. Fits to the different apo-protein
unfolding curves are listed in Table 1.

DISCUSSION

The majority of cuproenzymes, including blood-clotting
factors, tyrosinase, lysyl oxidase, and CP, are synthesized
within the secretory pathway (39); copper gains access to
this compartment via copper-translocating ATPases present
in thetrans-Golgi membrane (39-41). Copper incorporation
into polypeptides inside this compartment is not clear; it has
been proposed that copper ions and proteins meet in vesicular
environments before secretion (5, 8). As a first step toward
elucidating the interplay between copper uptake and polypep-
tide folding of cuproproteins made in the secretory pathway,
we have characterized the in vitro chemical unfolding
reactions of purified apo- and holo-forms of human CP.

Both forms of CP are found to unfold in multistep
equilibrium reactions, involving at least one on-pathway
intermediate and one misfolded off-pathway species. The

FIGURE 7: Isothermal denaturation of apo-CP followed by ANS
fluorescence (excitation at 390 nm). Unfolding of native-CP (O)
and refolding of CP from 9.0 M urea (b). The continuous lines are
fits to experimental values (Table 1).

FIGURE 8: Unfolding/refolding pathways of holo- and apo-CP based on the present work. Folded holo-CP containing six bound coppers
(circles), F6Cu, undergoes a reversible transition up to∼5.5 M urea, with a midpoint at∼4.3 M, losing two copper ions and about half of
the oxidase activity and blue absorption. This intermediate form of holo-CP is termed I4Cu. This intermediate may have T1C and T1B
coppers removed (see text) and two domains unfolded, perhaps involving those harboring the destroyed copper sites; the catalytic cluster
and therefore domains 1 and 6 are likely intact in the intermediate. Three possible structures of I4Cu are shown. A further increase in urea
concentration leads to full CP unfolding accompanied by dissociation of all coppers, UApo. Analogously, FApo (prepared via CN dialysis)
undergoes a reversible urea-induced transition with a midpoint at∼3.7 M (forming IApo; three possible structures are shown), followed by
an irreversible transition to UApo completed at 9.3 M urea. The final unfolded state of apo-CP is similar to that obtained when starting from
holo-CP. UApo undergoes a reversible off-pathway transition to a molten globulelike state, MGApo, with a midpoint at 4.4 M urea. Double-
headed arrows indicate reversibility; single-headed arrows depict transitions that only go in one direction. Midpoints and stabilities are
from Table 1.
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proposed folding/unfolding landscape for holo- and apo-
forms of CP (i.e., F6Cu and Fapo) in urea (pH 7, 23°C), and
tentative structural aspects of the intermediates, are sum-
marized in Figure 8. First, the activity data suggest that the
holo-intermediate (i.e., I4Cu) has an intact trinuclear copper
cluster; thus, the interface between domains 1 and 6 where
this site is located is likely intact; therefore, domains 1 and
6 remain folded. Because the holo-intermediate has lost about
30-40% of its secondary structure (which equals two out
of six domains) and two coppers, one being an oxidized T1
copper (based on the blue color change), it is possible that
domains 2 (containing silent T1C) and 4 (containing T1B)
are unfolded in I4Cu. Notably, the disulfide bonds in domains
2 and 4 link differentâ-strands as compared to the disulfide
bonds in domains 1, 3, and 5 (6, 9); this may account for
differential domain stability. Earlier work (19) gives support
that T1B, and not T1A, is the oxidized T1 copper removed
in the unfolding intermediate. It was reported that upon loss
of two coppers via CN dialysis, CP lost half of its blue color
and most of its oxidase activity (substrate binding near T1B)
disappeared whereas most of the dismutase activity (substrate
binding near T1A) remained (19). That a few domains are
unfolded and a few remain folded is in agreement with the
ANS data, which do not indicate that the whole protein is
partially folded [if so, we would observe a dramatic increase
in ANS emission and a red shift of its maximum (25)].
Further additions of urea result in complete polypeptide
unfolding and loss of all coppers (i.e., Uapo).

The apo-form of CP (i.e., Fapo) has been proposed to adopt
a folded but extended form in which the interface between
domains 1 and 6 is absent (21); the domains may be depicted
as beads on a string with domain 1 spatially distant from
domain 6. Conversion of apo-CP to the intermediate state
(i.e., Iapo) again appears to involve selective unfolding of
some of the domains based on the spectroscopic signals.
Further perturbation of the apo-intermediate results in a fully
unfolded state with all domains unfolded (i.e., Uapo). Refold-
ing of Uapo(obtained from complete unfolding of both holo-
and apo-forms of CP) occurs, reversibly, into an off-pathway
copper-lacking molten globule (i.e., MGapo). This form may
have several domains folded, as it has a significant secondary
structure content, but the arrangement of the domains in
three-dimensional space, and interdomain interactions, may
be incorrect, prohibiting copper incorporation and proper
folding.

Several biological implications can be drawn from our
findings. First, it is clear that, in contrast to small proteins
where bound cofactors often have large effects on protein
stability (42-49), the coppers in CP contribute minimally
to the overall protein stability. The transition midpoints are
found at roughly the same urea concentrations for both apo-
and holo-forms (Table 1). Furthermore, because apo-CP may
have a more extended conformation, it appears that the
individual domains, and not the domain-domain interactions,
govern most of the protein’s stability. Second, our experi-
ments suggest a mechanistic role for the trinuclear copper
cluster in proper alignment of domains 1 and 6; only when
this interface/metal site is in place is correct CP folding
possible in our experiments. In agreement, several demeta-
lation studies have demonstrated that if all six coppers are
removed from CP, reconstitution is not possible at neutral
and oxidizing conditions (19, 21). Reconstitution of apo-CP

has only been achieved in some special conditions, that is,
in the presence of ascorbate at pH 5.6 and only partially via
Cu(I)-glutathione in the presence of Mg-ATP at pH 7 (5,
17, 50). Third, our findings provide mechanistic insight into
the recently proposed CP biosynthesis pathway (5). It was
demonstrated via metabolic labeling and gel shift experiments
that copper incorporation into CP is an all-or-none process,
although the possibility of unstable, “hidden” intermediates
was mentioned (5). We propose that the intermediate detected
here with an intact trinuclear copper site is such a hidden
intermediate not resolved by the methods used in ref5. This
intermediate may form for several of the copper-site mutants
studied in ref5, but their low stability causes them to return
to the apo-form if the remaining T1 copper ions are not
incorporated (due to mutations of copper ligands).

Finally, our study implies that the CP polypeptide can
adopt a molten-globule form that is not on the path to the
native state. Thus, timely copper incorporation, before
apoprotein misfolding occurs, may be crucial for successful
in vivo biosynthesis of CP. Notably, we have earlier shown
that for Pseudomonas aeruginosaazurin, copper binding
readily occurs in the unfolded state (51, 52). Additional
studies using strategic CP mutants and solvent conditions
mimicking the biological environment in the secretory
pathway will be of importance from a fundamental point of
view, as it may apply to other cuproproteins made in the
secretory pathway, and also from a medical aspect, as it may
facilitate new approaches to incorporate copper into copper-
lacking CP variants found in affected patients.
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Abstract

CopC is a periplasmic copper carrier that, in contrast to cytoplasmic copper chaperones, has a b-barrel fold and two metal-binding
sites distinct for CuII and CuI. The copper sites are located in each end of the molecule: the CuI site involves His and Met coordination
whereas the CuII site consists of charged residues. To reveal biophysical properties of this protein, we have explored the effects of the
cofactors on CopC unfolding in vitro. We demonstrate that CuII coordination affects both protein stability and unfolding pathway,
whereas CuI has only a small effect on stability. Apo–CopC unfolds in a two-state reaction between pH 4 and 7.5 with maximal stability
at pH 6. In contrast, CuII–CopC unfolds in a three-state reaction at pH P 6 that involves a partly folded intermediate that retains CuII.
This intermediate exhibits high thermal and chemical stability. Unique energetic and structural properties of different metalated CopC
forms may help facilitate metal transport to many partners in vivo.
� 2007 Elsevier Inc. All rights reserved.
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Copper is one of the most prevalent transition metals in
living organisms; its biological function is intimately
related to its redox properties. Many proteins that partici-
pate in cellular respiration, antioxidant defense, neuro-
transmitter biosynthesis, connective-tissue biosynthesis
and pigment formation use copper as the prosthetic, active
group [1–4]. Since free copper is toxic, copper homeostasis
in living organisms is tightly controlled by subtle molecular
mechanisms [5–7]. In eukaryotes, before cellular uptake via

high-affinity copper transporters of the CTR family [4],
CuII ions are reduced to CuI. During the past decade, an
important class of proteins, termed copper chaperones,
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has been identified in the cytoplasm that binds CuI with
Cys2 coordination [4,8–11]. Recently, an atypical Cys2His
coordination was also found for CuI in a copper-chaperone
from cyanobacteria [12,13]. These small, soluble proteins
guide and protect the copper ions within the cell, delivering
them to the appropriate functional protein receptors. P-
type ATPases are membrane spanning receptor proteins
with cytoplasmic metal-binding domains that transfer CuI

through membranes from one cellular compartment to
another. In humans, the Menkes and Wilson disease pro-
teins are P-type ATPases involved in copper transport
[4,9,14]; in an ATP-dependent process, they translocate
copper from the cytoplasm into the Golgi network for
loading into proteins. Solution NMR and crystal structures
[15–22] have been reported for various metal-bound and/or
apo-forms of cytoplasmic copper chaperones and metal-
binding domains of P-type ATPases from a range of differ-
ent organisms. In all structures, the proteins possess an ab
ferredoxin-like fold and a conserved MXCXXC motif.

mailto:pernilla@rice.edu


Fig. 1. Crystal structure of CopC (2C9Q) at pH 7.5 revealing the b-
sandwich fold and the two copper sites. Cu(II) interacts with His1 (red),
His91 (red), Glu27 (orange), Asp89 (purple) and the N-terminus (red) in a
tetragonal environment forming a type-II copper site. Cu(I) interacts with
a His48 (red) and several methionine (blue) sulfurs in a disordered loop.
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In addition to the cytoplasmic CuI-trafficking proteins,
other proteins have recently been identified that are
involved in bacterial resistance to high copper concentra-
tions [23,24]. Since copper is particularly toxic to lower
organisms such as bacteria, copper based bactericides are
extensively used in agriculture to control plant pathogens.
Copper resistant strains of Pseudomonas syringae pathovar
tomato are characterized by a 35-kb plasmid that contains
an operon (cop) encoding four proteins, CopABCD, acting
under a copper inducible promoter requiring the regulatory
genes, CopR and CopS, coded directly downstream from
CopD [23–26]. This plasmid is able to confer copper resis-
tance to the host strains of Gram-negative bacteria and
protects the cells by sequestering the excess copper in the
periplasm and in the outer membrane. Upon exposure to
high copper concentrations, P. syringae cells turn blue
and up to 12% of the dry weight of the cells may be copper
[27]. CopA and CopC are soluble proteins present in the
oxidizing environment of the periplasm, CopB and CopD
appear to be membrane-bound copper pumps while CopS
and CopR form part of copper sensing and gene induction
systems. It is not yet clear how these proteins interact with
each other to facilitate copper resistance.

The CopC protein is proposed to be a copper-carrier
protein but in contrast to the cytoplasmic copper chaper-
ones, it lacks cysteine residues and has two copper binding
sites that are separated by 30 Å [25,26,28–30]. One metal
site is specific for CuI and the other for CuII: the protein
can be either simultaneously loaded with CuI and CuII or
with one copper in either site. CopC has a b-sandwich
structure comprised of b-strands arranged in a Greek
Key topology similar to that of blue-copper proteins
(e.g., azurin) and domains of multi-copper oxidases (e.g.,

ceruloplasmin) (Fig. 1). The suggested ligand environment
based on EXAFS and NMR data is tetragonal CuI(His)
(Met)3 and tetrahedral CuII(His)2(Asp)(Glu)(OH2) [28].
Whereas the CuI site is situated in a disordered loop near
the C-terminus, the position of the CuII site is similar to
that of the metal sites in blue-copper proteins. Solution
and X-ray structures of apo- and various CuI/CuII-forms
of CopC have been reported [27–30]. Although the core
of the molecule is identical in all structures, the presence
of metal affects the conformation of loop regions in both
ends of the molecule. Based on crystal structures of the
holo-forms at pH 4.6 and 7.5, it was suggested that the
N-terminus is a CuII ligand at the higher but not the lower
pH [27]. Notably, N-terminal CuII coordination has only
been observed in a few proteins and peptides before (e.g.,

albumins and neuromedins) [31–33]. The fundamental
chemistry of copper binding and transfer in CopC was
recently explored in depth in vitro [27]. CopC has high-
affinity for both copper ions although the CuII site has
the highest affinity (�1013 M�1). Inter-protein copper
transfer reactions between sites, with or without involve-
ment of copper-redox change, were demonstrated [27].
Thus, CopC may interact with different partner proteins
in vivo and act as a ‘‘redox switch’’.
To elucidate thermodynamic properties of CopC, and
assess how they are linked to the occupation of the copper
sites, we have here investigated CopC thermodynamic sta-
bility and unfolding as a function of copper loading and
solvent conditions in vitro. We find that the two copper
ions have different effects on the protein: whereas the CuII

changes the unfolding mechanism and stabilizes an inter-
mediate CopC species, the CuI-form behaves more like
the apo-form. The diverging thermodynamic properties of
various metalated forms of CopC may explain how this
protein interacts with different partner proteins in vivo
depending on copper levels and redox state.
Materials and methods

Protein expression and purification

Escherichia coli BL21(DE3) pLysS cells, transformed with the CopC
gene cloned into the vector pAT2, were grown in LB media (37 �C) to an
OD600nm of 0.6 followed by protein expression induction with 0.4 mM
IPTG. Cells were harvested after 6 h. Protein was extracted by freeze-thaw
cycles into extraction buffer (20 mM Tris, pH 8.0, 1 mM PMSF, 1 mM
EDTA). The cell lysate was then loaded on an anion exchange column
(DEAE) pre-equilibrated with 20 mM Tris, 1 mM EDTA, pH 8.0. The
flow-through fractions containing CopC were pooled and dialyzed against
20 mM MES, 1 mM EDTA, pH 6.0 and loaded onto a cation exchange
column (SP) pre-equilibrated with the same buffer. CopC was eluted from
the column with 20 mM MES, 1 mM EDTA, 0.5 M NaCl, pH 6.0 and
then dialyzed into 20 mM Tris, pH 7.5. Purity was monitored by SDS–
PAGE at each step. CopC was purified in its apo-form. Protein concen-
tration was determined using e280nm = 8700 M�1 cm�1. The CuII-form is
prepared by CuII (CuCl2) addition (1 equivalent); the CuI-form is made by
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the addition of CuII in the presence of the reducing agent ascorbate, as
described [27]. In the lM range of protein, the CuI and the CuII-forms,
respectively, are obtained stoichiometrically [27]. Absorbance, fluores-
cence and far-UV circular dichroism (CD)2 measurements were performed
on Varian Cary 50, Cary Eclipse and Jasco J-810 spectrometers,
respectively.

pH titration

Apo– and CuII–CopC, initially at pH 7.5, were titrated with either
concentrated HCl (for acidic pHs) or concentrated NaOH (for basic pHs)
and the effect was monitored by far-UV circular dichroism (CD) (200–
300 nm, 1 mm cell) and tryptophan fluorescence (excitation at 295 nm;
emission from 300 to 400 nm) at 20 �C (40 lM protein). The data (CD/
fluorescence versus pH) was fit to the following equation [34]:

Y obs ¼ ðY B þ Y A � 10nðpKa�pHÞÞ=ð1þ 10nðpKa�pHÞÞ

where Yobs is the measured signal (CD or fluorescence), YB and YA corre-
spond to the signal before and after the transition, respectively. In this
equation, the n value is the number of protons (protonizable groups) in-
volved in the transition and correlates with the steepness of the curve at
the inflection point.

Chemical unfolding experiments

Urea-induced unfolding of apo- and CuII-forms of CopC was per-
formed at different pH conditions at 20 �C in separate experiments. The
urea concentration was determined from refractive index measurements.
The buffers were as follows: 20 mM acetate, pH 4.0, 20 mM acetate, pH
5.0, 20 mM cacodylate, pH 6.0, and 20 mM Tris, pH 7.5, all with 15 lM
protein. All samples were incubated for 1 h before CD and emission
measurements. There was no time dependence in the reactions for incu-
bation times between 30 min and 48 h. The CD data was obtained from
the averaged signal at 218 nm collected for 120 s. For fluorescence,
emission was collected from 303 to 500 nm (excitation at 295 nm; aver-
aging three consecutive scans). To test for reversibility, protein samples
were incubated in 8 M urea for 1 h and then mixed with buffer solutions
containing lower concentrations of urea and spectroscopic measurements
were conducted as described above. Unfolding transitions were analyzed
as described by Santoro and Bolen [35,36]. Unfolding experiments with
the CuI-form of CopC induced by urea were unsuccessful due to partial
oxidation of CuI over time. For CuI–CopC, only thermal unfolding
experiments using DSC (and anaerobic conditions) were reliable.

Thermal unfolding experiments

Thermal unfolding data for apo- and CuII-forms of CopC (30 lM) was
acquired by monitoring the CD signal at 235 nm as a function of tem-
perature, scan rate of 1 deg/min. Thermal experiments were performed at
different pH conditions, 4, 4.5, 5, 6, and 7.5 using the buffers above. All
thermal profiles were >90% reversible, as determined from reverse scans to
the starting temperature. The thermal scan rates were varied between 0.5
and 2 �C per min without any significant change in the profiles (for either
apo- or holo-forms); this indicates that the thermal reactions are at ther-
modynamic equilibrium. Data were fitted to two-state equations (except in
a few cases where three states were required) to elucidate Tm values.

Differential scanning calorimetry (DSC)

DSC experiments on apo-, CuII- and CuI-forms of CopC (35 lM) were
performed on a MicroCal VP-DSC calorimeter at a scan rate of 1 deg/
min. The experiments were performed at different pH conditions, 4, 5, 6, 7,
and 7.5 using the buffers above. For the CuI-form, 1 mM ascorbate was
2 Abbreviations used: CD, circular dichroism; DTT, dithiothreitol; DSC,
differential scanning calorimetry; Tm, thermal unfolding midpoint.
included in the buffer. Prior to measurements, the sample and reference
solutions were properly degassed in a vacuum chamber for 10 min at room
temperature. An overpressure of 2 atm was kept in the cells throughout
the measurements to prevent degassing during heating. Baseline scans
collected with buffer in both cells were subtracted from each scan. The
reversibility of the thermal transition was checked by examining the
reproducibility of the calorimetric trace in a second heating of the sample
immediately after cooling from the first scans. Excess heat capacity curves
were analyzed using the Origin software (MicroCal) to obtain calorimetric
and van’t Hoff enthalpies and Tm values.

Results

Characteristics of apo- and holo-forms of CopC

The structural state of CopC can be monitored by far-
UV CD and fluorescence methods. Folded CopC (apo-
and various holo-forms) exhibits a negative CD signal
around 210–220 nm that is characteristic of b-sheet struc-
ture (Fig. 2a); the aromatic emission is dominated by
Trp83 and is centered at 320 nm in agreement with a
hydrophobic position. Trp83 is situated near the CuII site;
thus, in the CuII-form, the emission is quenched as com-
pared to in the apo-form (Fig. 2b). Upon chemical or ther-
mal perturbations to CopC, the far-UV CD and
fluorescence (both intensity and wavelength maxima) sig-
nals change in accord with the formation of unfolded poly-
peptides (Fig. 2). We find that apo–CopC is folded in a
wide range of pH values (3–11) as measured by the integ-
rity of the far-UV CD and fluorescence signals (Fig. 3).
CuI and CuII have been shown to bind tightly to the folded
state of CopC; since the CuI–CuII-form of CopC was crys-
tallized at pH 4.6 [27], the copper ions can bind in a wide
range of pH values. Whereas CuII-form is prepared by sim-
ple CuII addition, the CuI-form can be made by the addi-
tion of CuII in the presence of the reducing agent,
ascorbate [27]. It has been demonstrated by these proce-
dures, the CuI and the CuII-forms, respectively, are made
cleanly and stoichiometrically [27]. Notably, we found that
using DTT (instead of ascorbate) as the reducing agent
abolishes CuI–CopC complex formation (see below).
Fig. 2. Signals for folded (solid curves) and unfolded (dashed curves)
forms of apo- (thin curves) and holo- (thick curves) forms of CopC as
probed by far-UV CD (a) and fluorescence (b). In the folded CuII-form,
both CD and fluorescence signals are quenched due to the copper ion.



Fig. 3. Emission at 320 nm (top) and CD at 218 nm (bottom) for apo
(open symbols) and CuII (filled symbols) forms of CopC as a function of
pH (room temperature). All signals are normalized to that for apo–CopC
at pH 7.5. Whereas the apo-form is intact in the pH range 3–11, fitting of
the holo data reveals low-pH (pKa at �3.3) and high-pH (one pKa at �8.5)
transitions that likely involve Cu dissociation (See Materials and methods
section for equation).
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To establish the pH range in which CuII is bound to
CopC, we probed the far-UV CD and fluorescence signals
as a function pH, starting from pH 7.5 conditions (Fig. 3).
Notably, the negative far-UV CD signal is reduced by
about 30% for the holo-complex as compared to the signal
of the apo-protein. This is likely not due to less secondary
structure in the holo-form but because of changes in elec-
tronic coupling due to the copper ion [37,38]. We find that
CuII–CopC is destabilized at lower pH values in a transi-
tion that corresponds to a pKa of about 3.3 and involve-
ment of 2–4 protons (Fig. 3). This agrees with copper
dissociation and protonation of the coordinating residues
(likely two His, an Asp, and a Glu). Going to higher pH
values, changes start to occur at pH values above 8. The
holo-form appears to be destabilized in a bi-phasic reaction
when the conditions gradually turn more basic (Fig. 3). The
first of the basic transitions has a pKa of �8.5 and involves
one proton; this process may be linked to de-protonation
of a backbone amide that may become a Cu ligand at
pH > 8.5 [39,40]. Due to the limited data, the very high-
pH transition (probably correlating to Cu dissociation)
could not be further analyzed. Nonetheless, we conclude
that at least between pH values 4 and 8, the CuII–CopC
form is intact in solution.
Urea-induced unfolding of apo– and holo–CopC

The thermodynamic stability of apo- and CuII-forms of
CopC was tested in urea-induced unfolding experiments at
four different pH values (4, 5, 6, and 7.5; 20 �C). We find
that the apo-form unfolds in two-state equilibrium reac-
tions when monitored by fluorescence and far-UV CD
changes (Fig. 4a and c). The unfolding profiles obtained
with the two detection methods roughly overlap at each
pH, in support of two-state processes. The unfolding reac-
tion is 100% reversible (inset, Fig. 4a). Apo–CopC is less
stable at the lower two pH values; the urea-concentrations
at the transition midpoints are higher, and similar to each
other, at pH 6 and 7.5 (Table 1).

The corresponding urea-experiments with CuII–CopC
revealed some differences. Whereas the pH 4 unfolding
curves obtained by CD and fluorescence are similar to
those collected for the apo-protein, the unfolding curves
at higher pH values differ in distinct ways from the data
for the apo-form. First, at pH 5, the unfolding-transition
midpoints for CuII–CopC are shifted to higher urea-con-
centrations, but the transitions are broader than those for
the apo-protein (Fig. 4b and d). At pH 6 and 7.5, instead,
the unfolding profiles obtained for CuII–CopC appear to
involve two sequential transitions. This indicates that the
equilibrium-unfolding reactions are three state, involving
an intermediate species populated at 3 to 4 M urea at these
pH conditions (Fig. 4b and d). At pH 4 and 5, the far-UV
CD and fluorescence data overlap, in accord with two-state
reactions. At pH 6 and 7.5, both fluorescence and CD
curves reveal three-state reactions and the midpoints for
each transition agree between the detection methods,
although the intermediate species has more native-like
Trp emission than native-like far-UV CD signal (at pH
7.5; intermediate has 75% native-like CD and 90% native-
like emission signals). Since the Trp emission in the inter-
mediate is quenched almost as much as in the native
holo-state, it is reasonable that CuII remains coordinated
in the intermediate species. Like the apo-protein, the
CuII–CopC unfolding reactions are 100% reversible. The
pH 4 and 5 unfolding curves were fit to two-state transi-
tions, whereas the pH 6 and 7.5 transitions were fit to
two sequential two-state transitions i.e., involving folded,
intermediate, and unfolded species (Table 1).

To test if the CuII ion dissociates in the unfolded state of
holo–CopC, we performed urea-induced unfolding experi-
ments with CuII–CopC in the presence of 20-fold excess
copper (data not shown). If copper dissociation is directly
coupled to protein unfolding, there should be an apparent
stabilizing effect by the presence of excess copper; however,
if copper remains bound, no effect would be observed by
excess copper. We found the latter scenario to be the case
for CuII–CopC, the unfolding curve in presence of excess
copper is not shifted to higher urea concentration. In addi-
tion, dialysis experiments of CuII–CopC samples in high
concentrations of urea (8 M) also imply that the metal
remains bound to the fully unfolded protein. Despite exten-
sive dialysis for days, 90% of the copper remains with the
protein fraction when quantified by the biquinoline assay
(data not shown). The copper may coordinate to a subset
of the native-state ligands His1, Glu27, Asp89 and His91
in the unfolded state. Peptide studies have shown CuII to



Table 1
Thermodynamic data for various forms of CopC from urea-induced
unfolding experiments at different pH values (20 �C)

Form of CopC pH [Urea]1/2 (M) DGU(H2O) (kJ/mol)

Apo 4 2.5 18.0 ± 0.5
5 4.0 22.6 ± 0.5
6 4.5 23.3 ± 0.5
7.5 4.5 23.1 ± 0.5

CuII 4 2.7 19.7 ± 0.5
5 5.7 23.3 ± 0.5
6 F–I 3.5 17.6 ± 0.5

I–U 7.2 32.9 ± 0.5
7.5 F–I 3.0 12.8 ± 0.5

I–U 7.1 33.6 ± 0.5

DGU(H2O) was obtained from two-state fits (F–U) to the data, for CuII–
CopC at pH 6 and 7.5, a three-state model, involving two sequential two-
state reactions were used (F–I–U). All reactions are reversible. Data from
CD transitions are shown.

Fig. 4. Urea-induced unfolding (room temperature) of CopC monitored by fluorescence 356/320 nm ratio (a and b) and CD at 218 nm (c and d) for apo (a
and c) and CuII (b and d) forms at different pH conditions (filled triangles, pH 4; open triangles, pH 5; filled circles, pH 6; open circles, pH 7.5). Inset a:
refolding data points for apo–CopC starting from 8 M urea conditions (open symbols) together with the direct unfolding data (filled symbols).
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interact strongly with short peptides containing Glu, Asp,
and His residues [41].
Fig. 5. Thermal unfolding monitored by CD for apo (a) and CuII (c)
forms at different pH values (pH 4, blue; pH 5, green; pH 6, red; pH 7.5,
black). (b) Thermal unfolding curves for CopC in the presence of 1
equivalent of copper and 0.18 (white), 0.25 (grey), 0.5 (black) mM DTT
(pH 7.5). Inset c: Ttrs for the major (second) transition versus excess Cu
present in the solutions for CuII–CopC at pH 7.5.
Thermally induced unfolding of apo– and holo–CopC

The thermal stability of apo–CopC was tested as a func-
tion of pH conditions (Fig. 5a). Like in urea, thermal
unfolding of apo–CopC is a two-state reaction in which
far-UV CD and fluorescence detected curves overlap. At
all pH values, thermal unfolding of apo–CopC was over
90% reversible. The maximum stability of apo–CopC
towards heat is found at pH 5–6, corresponding to a Tm

of about �67 �C (Table 2). The same experiments were
repeated for the CuII-form of CopC. At pH values between
4 and 6, the thermal reaction appears as two-state transi-



Table 2
Thermal midpoints (Tm) for various forms of CopC at different pH values
obtained by far-UV CD or calorimetric measurements

Form of CopC pH Detection Tm (�C) DHcal/DHvH

Apo 4 CD 59.9 —
5 CD 67.0 —
6 CD 66.9 —
7.5 CD 65.1 —
4 DSC 59.0 1.4
5 DSC 65.8 1.1
6 DSC 65.1 1.1
7 DSC 62.9 1.2
7.5 DSC 63.8 0.9

CuII 4 CD 72.0 —
4.3 CD 79.4 —
4.6 CD 81.4 —
5 CD 83.6 —
6 CD 83.9 —
7.5 CD F–I �62 —

I–U 81.7 —
4 DSC 71.7 1.5
5 DSC 81.6 1.4
6 DSC 81.7 1.2
7 DSC F–I �63 —

I–U 79.0 1.3
7.5 DSC F–I �60 —

I–U 80.0 1.1

CuI 5 DSC 74.9 n.d.
6 DSC 73.4 n.d.
7.5 DSC 72.8 1.1

DHvH was obtained from assuming two-state transitions (F–U), DHcal is
the calorimetric heat from the DSC measurements. For CuII–CopC at pH
7 and 7.5, a three-state model, involving two sequential two-state reactions
was used (F–I–U). All reactions are reversible. For the CuI-form at pH 5
and 6, the DSC data revealed the presence of some apo-protein in the
samples; therefore, enthalpy analysis was not reliable (the listed Tm values
at those conditions are for the CuI-form). n.d., not determined. Errors in
Tm are less than ±0.5 �C in all cases.
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tions with midpoints that are 10–15 �C higher than the cor-
responding midpoints for the apo-form (Fig. 5c and Table
2). At pH 7.5, the thermal reaction for CuII–CopC is best
fit by a bi-phasic process. There is a first broad transition,
corresponding to about 10–15% change in far-UV CD, that
occurs at a low-temperature (Tm of �63 �C) followed by a
second, major transition with a Tm of about 80 �C
(Fig. 5c). The observation of a three-state thermal behavior
at pH 7.5 matches the findings in urea, which implied the
presence of an intermediate under high-pH urea-induced
unfolding (cf. Fig. 4). We note that the pH 4 thermal pro-
file also has a small shoulder at lower temperatures; here, it
is likely due to the presence of a small fraction of apo-pro-
tein (see DSC section).

To assess if the pH 7.5 thermal intermediate retains CuII

and if complete unfolding promotes CuII dissociation, we
performed a set of thermal unfolding experiments with
CuII–CopC at pH 7.5 in the presence of various CuII excess
(3-, 6-, 9-, and 20-fold excess). Since the Tm of the 2nd tran-
sition (but not the first) shifts towards higher temperatures
as a function of increasing CuII concentration (Fig. 5c;
inset), it supports that the intermediate retains copper,
but that the metal dissociates in parallel with protein
unfolding at the higher temperatures (in contrast to urea-
induced unfolding, where the metal remained bound after
holo–CopC unfolding).

Apo–CopC refolding triggered by CuII binding

In our efforts to probe thermal unfolding of the CuI-form
of CopC, we instead found conditions at which CuII binding
triggered protein folding. Upon testing solvent conditions
including various amounts of DTT (as an alternative with
less absorption than ascorbate) to keep CuI reduced
throughout the heating cycle, we ended up performing a
set of far-UV CD experiments in which CuI oxidation
(due to DTT depletion) was followed by metal uptake to
the CuII site in partially unfolded apo–CopC. Upon CuII

binding, the newly formed holo-protein refolded and its
unfolding was then detected at higher temperatures match-
ing those for CuII–CopC (Fig. 5b). Depending on the DTT
concentration, CuI oxidation started at different tempera-
tures, some where apo–CopC was almost fully unfolded;
however, when the DTT concentration was increased to
0.5 mM, no CuII–CopC was detected during heating and
the thermal unfolding profile matched that obtained for
apo–CopC (Table 2). These observations indicate (a) that
CuI does not bind to apo–CopC in the presence of DTT
and, (b) that CuII binding can trigger protein refolding.
To assure CuI–CopC complex formation, ascorbate was
used as the reducing agent, as reported previously [27].
Due to the high absorption of ascrobate, we only performed
thermal experiments with CuI–CopC using calorimetry and
anaerobic conditions (see below).

Unfolding probed by differential scanning calorimetry

Thermal unfolding of apo-, CuII- and CuI-forms of
CopC was analyzed by differential scanning calorimetry
(DSC) at different pH values (Fig. 6 and Table 2). All
DSC scans for CopC samples were reversible as subsequent
scans (after cooling) revealed the same transitions as the 1st
scan (data not shown). The DSC experiments demonstrate
that the apo-form of CopC exhibits two-state-like thermal
transitions at all studied pH conditions with maximal ther-
mal stability found at pH 5–6. The calorimetric traces for
the CuII-form of CopC at pH 4, 5, and 6 also appear two
state, although a fraction of apo-protein is detected at
pH 4. The DSC data at pH 7.0 and 7.5 reveal a major tran-
sition that corresponds to a thermal midpoint around
82 �C but, in addition, there is a small, distinct peak/shoul-
der at about 62 �C. The low-temperature feature may
report on the formation of the CuII-intermediate of CopC,
as the midpoint temperature matches that for the 1st tran-
sition in the far-UV CD-detected thermal scans at the same
pH values. For both apo- and CuII-forms of CopC, the
thermal midpoints obtained from the DSC data equal the
CD-derived values (Table 2). The integrated calorimetric
enthalpies from the DSC scans agree with the van’t Hoff



Fig. 6. Calorimetric transitions for apo (top), CuI (center), and CuII

(bottom) forms at different pH values (pH 4, blue; pH 5, green; pH 6, red;
pH 7.5, black curves). Parameters reported in Table 2. For transitions
displaying non-two-state behavior, the fits are also shown (thin curves).
For CuI at pH 5 and 6 and CuII at pH 4, the low-temperature transitions
correspond to apo-protein.
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enthalpies for most conditions, in agreement with two-state
reactions.

For CuI–CopC (in the presence of ascorbate and exten-
sive degassing), a two-state thermal transition is detected at
pH 7.5 with a Tm of 73 �C. This value is higher than the Tm

for apo–CopC (64 �C at pH 7.5) but lower than that for the
CuII-form (80 �C at pH 7.5). At lower pH values, the DSC
traces for CuI–CopC were best fit by two thermal transi-
tions; one that matched the data for the apo-protein at
the corresponding pH condition and one that was at a
higher temperature, likely being the CuI-form. The appear-
ance of some apo-protein at lower pH values may reflect
partial protonation of His48, one of the ligands involved
in CuI coordination.
Discussion

The understanding of copper homeostasis has become
increasingly important as the metal could be involved in
the pathogenesis of neurological disorders such as Alzhei-
mer’s and prion diseases [4,39,42–44]. However, while cel-
lular mechanisms for CuI transport have been widely
described [4,8–11], trafficking pathways for CuII remain
largely unknown. The CopC protein from P. syringae path-
ovar tomato is expressed as one of four proteins encoded by
the CopABCD operon and is proposed to act in chaperon-
ing CuII in the oxidizing environment of the periplasm [28–
30]. In contrast to cytoplasmic chaperones, CopC has a
Greek key b-barrel fold and is capable of binding CuI

and CuII at two distinct sites, occupied individually or
simultaneously [27–30]. Oxidation of CuI–CopC or reduc-
tion of CuII–CopC causes migration of the Cu from one
site to the other. The copper binding sites have been char-
acterized by EXAFS, NMR and crystallographic studies;
they both represent novel coordination environments for
copper in proteins [27–30]. To learn about the biophysical
properties of CopC, we have studied chemical and thermal
unfolding in vitro as a function of copper and pH using
spectroscopic and calorimetric methods.

Apo–CopC unfolds in a two-state process with a stabil-
ity of �27 kJ/mol (20 �C, pH 6) and a thermal midpoint of
about 67 �C (pH 6). These values are very similar to the
corresponding data for Pseudomonas aeruginosa apo-azu-
rin, which is a blue-copper protein with the same b-barrel
fold as CopC [45,46]. Whereas CopC has one strand less
than azurin, the topological arrangement of the strands is
the same although CopC has a Met rich region (where
the CuI binds) at the position of azurin’s helix. The CuII

site is at the same position in both proteins, although the
ligand environment differs. Notably, a recent structural
alignment study reported that all b-sandwich proteins con-
tain an interlocked pair of strands with eight positions
highly conserved [47]. These residues have been identified
and characterized in azurin [48]. Alignment of CopC and
azurin reveals that the conserved positions are also present
in CopC (data not shown). Thus, the hydrophobic core of
the two proteins is similar, which suggests that core stabil-
ity defines the overall apo-protein stability. Also, thermal
and chemical stability values of other apo-forms of cupre-
doxins, such as plastocyanin and pseudo-azurin are similar
to the apo–CopC parameters [49–51].

We find that the CuII ion largely affects CopC thermal
and chemical stability in a pH dependent manner (Tables
1 and 2). The CuI ion also has a stabilizing effect but not
as large as that of CuII at the same pH condition. The dif-
ference between CuII and CuI effects is reasonable as the
affinity for the reduced metal is lower than for CuII. Also,
the fact that the CuI site consists of residues all nearby in
sequence in a disordered loop region correlates with less
impact on overall protein properties. The stabilizing trend
of copper in CopC is similar to the behavior of metals
bound to Pseudomonas aeruginosa azurin. CuI, CuII, and
Zn can all bind in the active site and stabilize azurin by
10, 23, and 13 kJ/mol, respectively [45,46,52]. In addition,
thermal stability is increased to 84, 86, and 89 �C for
CuI, CuII, and Zn forms of azurin, although the transitions
are not reversible [49,53]. Since the thermal reactions of
CuII–CopC (and CuI–CopC) are reversible, this suggests
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that the presence of cysteines (CopC does not have any cys-
teines), and their oxidation at higher temperatures, is
responsible for the thermal irreversibility of other cupre-
doxins [49].

The metal cofactor remains bound to unfolded azurin in
chemical denaturants [45,46,52]; this seems to be the case
also for the copper in urea-unfolded CuII–CopC. This is
reasonable as some of the ligands involved in CuII coordi-
nation in CopC are near each other in the sequence (i.e.,

residues 1 and 27, and residues 89 and 91). In azurin, the
metal ligands in the unfolded state are three of the five
native-state ligands that are close in the amino-acid
sequence (i.e., residues 112, 117, and 121) [54–56]. Assum-
ing a closed thermodynamic cycle, we estimated the CuII

affinity for the unfolded CopC polypeptide (pH 7.5,
20 �C), using the reported KD of 10�13 M [27] for the folded
state at pH 7.5 and our unfolding-free energies for the apo-
and the holo-forms (23 and 46 kJ/mol, respectively, Table
1), to be in the low nM range. Notably, this value falls
between the high-affinity of copper for unfolded azurin
[57] and the somewhat weaker CuII affinities for a range
of smaller peptides [39,41,58,59]. CopC may thus be able
to protect the copper ion (i.e., keep it bound) during
in vivo stress that promote polypeptide unfolding.

Interestingly, the presence of CuII facilitates the forma-
tion of a stable holo–CopC intermediate species at neutral
and higher pH values upon small perturbations. This inter-
mediate is as stable as the native CuII protein at lower pH
values (Table 1). The intermediate appears rather native-
like in terms of spectroscopic signals; with at least 75% of
the native CD signal and 90% of the native emission signal
intact (Fig. 4). It is possible that the CopC intermediate
resembles an equilibrium intermediate observed for a
mutant form of pseudo-azurin, another protein with the
same b-barrel fold as CopC [60]. Also, kinetic intermedi-
ates have been reported for proteins with the cupredoxin
fold indicating that this structural motif is poised to inter-
mediate formation [61].

Although structural details of the CopC intermediate
cannot be resolved from our experiments, it is clear that
the presence of CuII and a pH of 6, or higher, are necessary
requirements. The crystal structures of the CuII–CuI-form
of CopC at high- and low-pH values provide some clues
to why this may be the case [27]. Whereas the N-terminus
is a CuII ligand in the pH 7.5 structure, it is not in the crys-
tal structure of holo–CopC at the lower pH value. We pro-
pose that in the native CuII-form at neutral pH in solution,
like in the crystal, the N-terminus coordinates the copper in
the folded state together with His1, His91, and Asp89. In
support, it has been proposed that Cu interaction can lower
the pKa of the N-terminus to allow it to be de-protonated
at neutral pH [39,40]. We speculate that upon minor urea
or thermal perturbations to CuII–CopC at pH 6–7.5 condi-
tions, the Cu interaction with the N-terminus readily falls
apart (in parallel with protonation of N-terminus) along
with some secondary structure elements (25% of total;
i.e., 1–2 b-strands). The CuII likely remains bound to the
other ligands (i.e., His1, His91, Asp89, and H2O) in the
intermediate species. This scenario agrees with the observa-
tion that the intermediate has a changed far-UV CD signal
but almost native-like Trp83 emission, as will be the case if
the Cu site remains in essence intact.

It is possible that the high CuII affinity in CopC (KD of
10�13 M at pH 7 [27]) is due to the N-terminal coordination
acting as a ‘lid’ that protects CuII from being transferred to
other proteins. Low pH or other external perturbations
may switch off the N-terminus (causing formation of the
intermediate species), revealing a metal site in CopC with
lower CuII affinity; this may be the relevant form of CopC
that is involved in CuII transfer in vivo. Our preliminary KD

estimates for CuII binding to apo–CopC at low-pH condi-
tions, where the N-terminus is not a CuII ligand, support
this hypothesis (KD of 1.1 lM determined at pH 4, 20 �C;
data not shown). Since the periplasm can vary in its pH
value and solvent composition, intermediate as well as
the unfolded forms of CopC may be populated at different
times during the bacterial life cycle.

Conclusions

We here report the thermodynamic stability and unfold-
ing mechanisms for apo- and holo-forms of CopC, a cupre-
doxin-like metal carrier that binds CuI and CuII in different
sites. We find that occupation of the two metal sites has dif-
ferent effects on CopC stability. The CuII-form of CopC
readily adopts a native-like intermediate structure upon
minor perturbations that may mimic various stress/growth
conditions in vivo. We propose that structural, dynamic
and thermodynamic differences between apo- and various
singly/doubly metalated CopC forms, including the partly
folded CuII-intermediate at high-pH, may be a delicate
way to facilitate copper transfer to different partner pro-
teins in the periplasm, as appropriate depending on copper
levels and environment pH. CopC may transfer CuII to
CopD for delivery to the cytoplasm, or via redox-coupling
to CopA/CopB for export out of the cell. CopC may also
interact with itself, in a head-to tail fashion [27], to transfer
CuI, or CuII, to the other site and thereby alter the metal-
redox state.
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ABSTRACT Human ceruloplasmin (CP) is a multicopper oxidase essential for normal iron homeostasis. The protein has six
domains with one type-1 copper in each of domains 2, 4, and 6; the remaining coppers form a catalytic trinuclear cluster at the
interface between domains 1 and 6. To assess the role of the coppers in CP thermal stability, we have probed the thermal unfolding
process as a function of scan rate of holo- and apo-forms using several detection methods (circular dichroism, aromatic and
8-anilino-naphthalene-1-sulfonic acid fluorescence, visible absorption, activity, and differential scanning calorimetry). Both spe-
cies of CP undergo irreversible thermal reactions to denatured states with significant residual structure. For identical scan rates, the
thermal midpoint appears at temperatures 15–20� higher for the holo- as compared with the apo- form. The thermal data for both
forms were fit by a mechanistic model involving two consecutive, irreversible steps (N / I / D). The holo-intermediate, I, has lost
one oxidized type-1 copper and secondary structure in at least one domain; however, the trinuclear copper cluster remains intact as
it is functional in oxidase activity. The activation parameters obtained from the fits to the thermal transitions were used to assess the
kinetic stability of apo- and holo-CP at physiological temperatures (i.e., at 37�C). It emerges that native CP (i.e., with six coppers) is
rather unstable and converts to I in ,1 day at 37�C. Nonetheless, this form remains intact for more than 2 weeks and may thus be a
biologically relevant state of CP in vivo. In contrast, apo-CP unfolds rapidly: the denatured state is reached in ,2 days at 37�C.

INTRODUCTION

Ceruloplasmin (CP; EC 1.16.3.1) is a multicopper protein

widely distributed in vertebrates. It occurs mainly in the plasma

and plays an important role in iron homeostasis (1,2). Other

roles include its participation in the antioxidant defense (3–6)

or in oxidative damage mechanisms (7,8) and its involvement

in a number of processes related to the metabolism of copper

(9), biogenic amines (10), and nitric oxide (11).

Human ceruloplasmin is a single chain of 1046 amino acids

(12) with a carbohydrate content of 7–8% and six integral

copper ions. The x-ray structure has shown that CP is com-

posed of six compact b-barrel domains with large loop in-

sertions and that the six copper ions are distributed in one

trinuclear copper cluster (involving type-2 and type-3 copper

ions) located at the border between domains 1 and 6 and

possessing ligands from each domain, and in three mononu-

clear type-1, or ‘‘blue’’, sites (13). The mononuclear copper

sites located in domains 4 and 6 of CP are typical type-1 sites,

like that in ascorbate oxidase (14), and have four ligands (two

histidines, one cysteine, and one methionine) arranged in a

distorted tetrahedral geometry. The type-1 copper site located

in domain 2 is instead a tricoordinated type-1 site in that it

lacks an axial Met ligand. This position is replaced by Leu in

CP, like blue-copper sites in some laccases (15), and in Fet3

(16). The type-1 copper in domain 2 has been found to be

permanently reduced and is not involved in catalytic activity

(17,18). CP is synthesized in hepatocytes and secreted into the

plasma after incorporation of six copper ions in the secretory

pathway (19). Failure to incorporate copper during biosyn-

thesis results in the secretion of an unstable polypeptide that is

rapidly degraded in the plasma (20). In Wilson’s disease, the

absence or impaired function of a copper-transporting ATPase

disrupts copper translocations into the secretary pathway,

resulting in decreased serum levels of CP in affected patients

(21). Aceruloplasminemia, an autosomal recessive neurode-

generative disease, is associated with mutations in the CP gene

and accompanied by absence of CP oxidase activity (22).

Previous studies have indicated that the conformation of

apo-CP is different from that of the holoprotein (23,24). It was

proposed that the apo- form has molten-globule-like proper-

ties, although a significant amount of residual tertiary struc-

ture remained (23). For more than 40 years, the working model

has assumed that CP binds copper in an all-or-none fashion

(25). In support, recent metabolic labeling experiments indi-

cated that achieving the final state of CP required occupation

of all six copper-binding sites, with no apparent hierarchy for

incorporation at any given site (19). On the other hand, there

have also been a number of reports that invoke the possibility

of partially metalated forms of CP (26,27). Based on cyanide-

dependent metal-removal attempts, it was suggested that the

type-1 coppers are more sensitive than the type-2 and type-3

coppers to elimination (27,28). Very recently, we showed that

chemically induced equilibrium denaturation of CP at room

temperature proceeds through an intermediate (I) that has lost

two copper ions (29). Whereas the I forms reversibly, complete

unfolding and loss of all copper ions result in an irreversibly
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denatured state. Attempts to refold this species at pH 7 result

in the formation of a misfolded molten globule, regardless of

the presence or absence of copper ions (29).

To analyze the role of copper in thermal stability, we have

investigated the thermal denaturation reactions of holo- and

apo- forms of human CP by circular dichroism (CD), fluores-

cence, visible absorption, oxidase activity, and differential

scanning calorimetry (DSC) methods. The thermal reactions

were analyzed according to Lyubarev and Kurganov’s model

(30) for two consecutive irreversible steps. The data reveal

the presence of a partially folded intermediate, with (for the

holo- form) an intact trinuclear site but loss of one or two

type-I coppers at intermediate temperatures. The activation

parameters extracted from fits to thermal transitions at dif-

ferent scan rates were used to predict the kinetic behavior of

CP at 37�C (pH 7). It emerges that the native, six-copper form

of CP is rather unstable at this temperature (half-life of 14 h),

whereas the intermediate form remains intact for weeks; the

latter species may therefore be present during in vivo CP

circulation.

EXPERIMENTAL PROCEDURES

Chemicals and instruments

Analytical-grade chemicals and o-dianisidine were obtained from Sigma-

Aldrich (St. Louis, MO). 2,29- Biquinoline was obtained from Fluka (Seelze,

Germany). Human CP (.95% purity, A610/A280 ¼ 0.046) was obtained

from Vital Products (Boynton Beach, FL). Concentration of holo- and apo-

CP was determined by e280nm of 200 mM�1cm�1. Absorbance and far-UV

CD measurements were performed on Varian Cary 50 and Jasco J-810 spec-

trometers, respectively.

Copper removal

To prepare apo-CP, 5 mg/ml of CP was dialyzed for 2 h at 4�C against 50

mM ascorbate in 0.1 M TrisHCl, pH 7.2. Subsequently, dialysis continued

for 12–14 h at 4�C against 50 mM NaCN, 10 mM EDTA, and 10 mM ascor-

bate in 0.1 M TrisHCl, pH 7.2. The dialysis proceeded for another 16 h at

4�C (with buffer exchange after 8 h) against 50 mM sodium phosphate buffer,

pH 7.0. The final apo- form of CP prepared this way contained 0.6 6 0.4

coppers/CP, as determined by the method developed by Felsenfeld (31).

Activity assay

Oxidase activity of CP was tested using o-dianisidine as a substrate in

accordance with the procedure by Schosinsky et al. (32). CP activity as a

function of temperature was determined as follows: a sample with CP was

heated at a rate of 1 K/min; after the desired temperature was reached, a

25-ml aliquot of CP solution was transferred into 100 ml 100 mM acetate,

pH 5.0, and cooled on ice. The activity was measured at 23�C.

DSC

DSC experiments were performed on a VP-DSC differential scanning micro-

calorimeter (Microcal, Northampton, MA) at scan rate of 1.0 K/min. Protein

concentration was 3–4 mM (pH 7). Before measurements, sample and refer-

ence solutions were properly degassed in an evacuated chamber for 5 min at

room temperature and carefully loaded into the cells to avoid bubble forma-

tion. Exhaustive cleaning of the cells was undertaken before each experi-

ment. A pressure of 2 atm was kept in the cells throughout the heating cycles

to prevent degassing. A background scan collected with buffer in both cells

was subtracted from each scan. The reversibility of the transitions was as-

sessed by the reproducibility of the calorimetric trace in a second heating

cycle performed immediately after cooling from the first scan. Excess heat

capacity curves were plotted using Origin software supplied by Microcal.

CD

CD spectra in the far-UV range (190–250 nm) were recorded on a Jasco-810

instrument with cell path of 1 mm and protein concentrations of 0.3–0.4 mM.

Each spectrum is an average of 10 scans. All spectra were background-corrected

and converted to mean residue ellipticity (deg�cm2/dmol). The thermal CD

experiments were monitored at 210 nm using a constant heating rate of

0.5, 1, or 1.5 K/min in separate experiments.

Fluorescence

Samples of the holo- or apo- form (;3 mM) of CP were mixed with 200 mM

8-anilino-naphthalene-1-sulfonic acid (ANS) and incubated for 1 h at 23�C.

The sample temperature was increased at a constant scan rate (0.5, 1, or 1.5

K/min in separate experiments). The same sample was monitored both for

tryptophan and ANS fluorescence at 335 nm (excitation at 295 nm) and 510

nm (excitation at 390 nm), respectively.

Data analysis

DSC-, fluorescence-, and CD-monitored thermal transitions were analyzed

according to the model by Lyubarev and Kurganov involving two consecu-

tive irreversible steps of reaction:

N �����!k1
I �����!k2

D; (1)

where N, I, and D are native, partially denatured, and denatured states,

respectively, and k1 and k2 are rate constants of corresponding reactions (30).

This model is described by a set of differential equations (see Results). Dif-

ferential equations were solved numerically, and the sum of squared differ-

ences between experimental and generated points was minimized. Standard

deviations were calculated using 10 sets of the generated data with added

Gaussian white noise. Distribution moments of the noise were modeled

according to the resulting distribution of the residuals. The correlation coef-

ficient (R) was calculated as:

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� +

n

i¼1

ðyi � y
calc

i Þ
2
=+

n

i¼1

ðyi � y
m

i Þ
2

s
; (2)

where yi and ycalc
i are, respectively, the experimental and calculated values of

Cex
p ; ym

i is the mean of the experimental values of Cex
p and n is the number of

points (e.g., (33)).

Time dependence of the mole fractions gN, gI, and gD of the three

different forms of CP (N, I, and D) at 37�C were obtained from the following

analytical equations:

gN ¼ expð�k1tÞ (3)

gI ¼
k1

k2 � k1

½expð�k1tÞ � expð�k2tÞ� (4)

gD ¼ 1 1
1

k1 � k2

½k2 expð�k1tÞ � k1expð�k2tÞ�; (5)

where the rate constants at any given temperature can be obtained from the

Arrhenius equation, k ¼ Aexpð�Ea=RTÞ; where A is the preexponential fac-

tor, Ea is the energy of activation, and R is the gas constant. It is convenient

to use an alternative form of the Arrhenius equation where the parameter
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T* (temperature at which rate constant equals 1 min�1) is used instead of the

parameter A:

k ¼ exp½Ea=Rð1=T
� � 1=TÞ�: (6)

RESULTS

Thermal denaturation of CP monitored by
far-UV CD

Thermal denaturation of holo- (i.e., six copper) and apo- (i.e.,

no copper) forms of CP was first monitored by far-UV CD.

These experiments show that 1), the thermal transitions of

both apo- and holo- forms of CP are irreversible, and 2), they

proceed to a state characterized by significant negative ellip-

ticity in the 200- to 210-nm range (Fig. 1). The latter finding

indicates that there is residual structure in the thermally dena-

tured state of both apo- and holo-forms. In contrast, chemi-

cally denatured CP (at 20�C) has much less negative ellipticity

(29), and the far-UV CD spectrum instead matches that of an

unfolded protein (Fig. 1). The irreversibility of the thermal

transition is not caused by protein aggregation because no

signs of aggregation or precipitation were observed. The ther-

mal denaturation processes for both holo- and apo- forms of

CP depend on the heating rate: the faster the rate, the higher

the apparent thermal midpoint (Fig. 2). Comparing thermal

curves at identical scan rates (three different scan rates tested)

reveals that the holo- form of CP is more resistant to thermal

perturbation than the apo-form by ;15–20�C.

Thermal denaturation of CP monitored by DSC

To obtain more insight into thermal denaturation of CP we

next turned to DSC experiments. In Fig. 2, we show DSC data

as a function of temperature for both forms of CP at three

different scan rates. We note that the transitions observed by

CD and DSC at the same scan rate correspond well with each

other. The DSC scans clearly demonstrate that the thermal

transitions for both forms include at least two steps. From

various cooling experiments, we found (as in the CD experi-

ments) that both transitions appear irreversible under our con-

ditions.

Two consecutive irreversible transitions can be described

by Eq. 1 in Materials section: N �����!k1 I �����!k2 D.

This model can be considered a particular case of the Lumry-

Eyring model in which the rate of the reverse reaction of the

first step is much slower than the rate of the second step (34).

Analysis of DSC data using the model of two consecutive

irreversible steps has been described in detail by Lyubarev

and Kurganov (30). Briefly, the kinetic behavior of the

system is described by the following differential equations:

dgN

dt
¼ �k1gN (7a)

dgI

dt
¼ k1gN � k2gI (7b)

where gN and gI are the mole fractions of native and partially

unfolded protein, respectively. After substituting dt ¼ dT/n,

where n is the scan rate, and solving the equations, the fol-

lowing is obtained:

gN ¼ expð�1

v

Z T

T0

k1dTÞ: (8)

gI ¼
1

v
expð�1

v

Z T

T0

k2dTÞ
Z T

T0

k1exp
1

v

Z T

T0

ðk2 � k1ÞdT

� �� �
dT:

(9)

The excess heat capacity, which is the parameter measured in

the DSC experiments, is then expressed by the equation:

C
ex

p ¼
dÆDHæ

dT
¼ DH1k1

v
gN 1

DH2k2

v
gI; (10)

where DH1 and DH2 are molar enthalpy changes for the first

and second steps, respectively. The rate constants, k, are re-

lated to Ea and T* via Eq. 6. The DSC data in Fig. 2 were fitted

to Eq. 10, and the resulting six parameters (DH1, DH2, Ea1,

Ea2, T1*, and T2*) are listed in Table 1.

In analogy, the temperature dependences of the CD and

fluorescence signals were fitted by the following equation:

Sobs ¼ SNgN 1 SIgI 1 SDð1� gN � gIÞ; (11)

where Sobs, SN, SI, and SD are measured signal and signals of

native, partially denatured, and denatured states, respectively.

In combination with the expressions for each mole fraction

given in the equations above (using CD signals instead of en-

thalpy changes), and the relation among k, Ea, and T* pro-

vided by Eq. 6, the key parameters (i.e., Ea and T* values)

could be obtained from fits to the CD-detected profiles (Table 1).

The parameters for the first transition (N to I) obtained from

CD differ somewhat from those obtained from DSC. This is

likely an effect of the poor separation of the two thermal steps

when probed by CD, causing unreliable fits. The theoretical

FIGURE 1 CD spectra of N (thick lines, at 20�C, pH 7.0) and D (thin line,

at 70�C, pH 7.0) forms of holo-CP (solid lines) and apo-CP (dotted lines).

For comparison, GuHCl-perturbed CP (at 20�C, pH 7.0) is also shown

(dash-dot line). CD spectra of 3Cu-CP N and D forms are indistinguishable

of those of holo-CP.
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DSC and CD curves based on the fitted parameters are shown

in Fig. 2 and are in good agreement with the actual data. This

supports the two-step irreversible mechanism as an appropri-

ate assumption.

Thermal denaturation of CP monitored by
other methods

To further investigate the thermal reactions of CP, tryptophan

fluorescence and fluorescence of ANS were probed as a func-

tion of temperature. CP has 19 tryptophans that are scattered

throughout the six domains. Normalized tryptophan and ANS

fluorescence signals of apo- and holo- forms of CP as a func-

tion of temperature are shown in Fig. 3 for three different scan

rates. Whereas the data for apo-CP adopt an asymmetrical

sigmoidal shape (Fig. 3 A), holo-CP fluorescence data clearly

show three-state behavior (Fig. 3 B). For both holo- and apo-

forms, the tryptophan-emission changes as a function of tem-

perature were not affected by the presence or absence of ANS.

Thus, ANS in itself did not have any effect on CP thermal

FIGURE 2 Thermal transitions of apo- (A and C) and

holo- (B and D) forms of CP monitored by CD and DSC.

Ellipticity dependence monitored at 210 nm is shown as

normalized ellipticity. Measurements were performed at

three different scan rates (from left: 0.5, 1.0, and 1.5 K/min)

at pH 7.0. DSC scans were performed at three different scan

rates (from left: 0.5, 1.0, and 1.5 K/min) at pH 7.0. Experi-

mental data are shown as points; theoretical fits based on

Eqs. 10 and 11 are shown as solid lines.

TABLE 1 Calculated parameters based on two-step analysis of the data shown in Figs. 2 and 3 describing the irreversible

thermal transitions of holo- and apo- forms of human CP

CP form Ea1 (kJ/mol) T*1 (K) DH1 (kJ/mol) Ea2 (kJ/mol) T*2 (K) DH2 (kJ/mol) R Tobs
y (�C)

Apo 1st/2nd
DSC 0.5 K/min 222 332 407 275 334 1571 0.9980 50.9/55.5

DSC 1.0 K/min 273 328 365 326 333 1593 0.9975 52.7/57.0

DSC 1.5 K/min 267 330 394 323 333 1401 0.9994 53.9/58.0

Average 254 330 389 308 333 1521

FTrp 0.5 K/min 238 334 – 240 334 – 0.9999 54.1

FTrp 1.0 K/min 274 334 – 331 335 – 0.9997 55.6

FTrp 1.5 K/min 239 334 – 322 331 – 0.9999 56.6

CD 0.5 K/min 181 341 – 176 335 – 0.9991 55.3

CD 1.0 K/min 167 341 – 298 332 – 0.9985 57.9

CD 1.5 K/min 187 340 – 265 332 – 0.9979 59.9

Holo

DSC 0.5 K/min 268 334 420 219 353 1917 0.9934 55.0/ 71.6

DSC 1.0 K/min 219 335 443 230 351 1801 0.9989 56.5/ 72.4

DSC 1.5 K/min 275 333 381 232 351 1930 0.9990 57.4/ 74.0

Average 254 334 415 227 351 1883

FTrp 0.5 K/min 275 334 – 175 358 – 0.9996 54.1/ 70.0

FTrp 1.0 K/min 278 333 – 213 354 – 0.9998 56.4/ 72.6

FTrp 1.5 K/min 232 336 – 221 355 – 0.9998 58.5/ 75.9

CD 0.5 K/min 174 347 – 210 357 – 0.9995 56.7/ 71.1

CD 1.0 K/min 152 348 – 235 354 – 0.9986 59.0/ 73.1

CD 1.5 K/min 118 354 – 337 352 – 0.9987 61.6/ 75.0

T* values are the temperatures at which the rate constant for the specific reaction is 1/min. Index 1 corresponds to the first N-to-I transition, and index 2

corresponds to the subsequent I-to-D process. The DSC data are most reliable and were used to derive average values for each parameter. R is the correlation

coefficient (see Eq. 4).
yObserved thermal midpoints; for some apo-CP data, only the midpoint of the major transition is reported.
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stability. The obtained parameters from fits to the tryptophan

fluorescence, again assuming a two-step, irreversible reaction

mechanism, are in good agreement with the parameters ob-

tained from the DSC data (Table 1). The ANS emission in-

creases on CP denaturation, with the I species having an

intermediate-sized signal. This implies that I is not a partially

folded molten-globule-like species, as such structures tend to

bind ANS strongly, causing orders of magnitude higher ANS

emission. (The ANS emission data were not analyzed further

because of the nonlinearity of the posttransition regions.)

For holo-CP, 610-nm absorbance was also investigated as

a function of temperature (Fig. 4). Absorbance at 610 nm

monitors the two oxidized type-1 copper sites in CP, i.e., the

coppers in domains 4 and 6. The high reduction potential of

the type-1 copper in domain 2 has indicated that it is perma-

nently reduced; thus, it does not contribute to the blue color,

nor is it catalytically relevant (17,18). We find that 610-nm

absorption of holo-CP decreases gradually with temperature

up to ;60�C, where it adopts a signal that is ;50% of its

original value at 20�C. At higher temperatures, the remaining

visible absorption rapidly decreases toward zero. This result

indicates perturbation (and likely metal dissociation) of the

two type-1 copper sites in two phases as a function of temper-

ature; one copper goes in the first step, the other in the second

step. The first phase correlates with the formation of the N-to-I
step as detected by CD, fluorescence, and DSC; the second

phase correlates with the I-to-D step detected by the other

methods.

Also CP’s oxidase activity parameters were obtained as a func-

tion of temperature (Fig. 4). Aromatic diamine (o-dianisidine)

oxidation by CP requires an intact trinuclear copper site,

which is situated on the interface between domains 1 and 6.

The type-1 copper site in domain 4 is likely the entry point of

the electrons from this substrate before transfer to the catalytic

cluster (10). When CP solutions heated to different tempera-

tures were cooled to 23�C and oxidase activity was measured,

native-like activity was found for samples heated to temper-

atures up to 60�C. This indicates that the structural changes of

the first phase (N to I) include distortion of parts of the protein

not involved in catalytic activity. Further increase in temper-

ature leads to irreversible inhibition of CP oxidase activity

with an apparent transition midpoint at 68�C. This process

correlates with the second step (i.e., I to D) observed by DSC

and the spectral methods. Based on these results, we conclude

that the trinuclear site is destroyed in the I-to-D step.

DISCUSSION

Human CP is a key protein in copper/iron metabolism (35,36).

It is linked to diseases such as aceruloplasminemia and Wilson’s

disease. From a biophysical point, it is an intriguing, complex

protein with six integral coppers distributed in a structure of

six b-sandwich domains. We recently reported chemical un-

folding data on apo- and holo- forms of human CP. We found

that urea-induced unfolding involves an intermediate with

loss of about two type-1 coppers (one being the permanently

reduced one in domain 2). Complete unfolding was irrevers-

ible because attempts to refold from this starting point resulted

in a dead-end molten globule species (29). Less is known

about CP thermal unfolding. Thermal denaturation of sheep

CP was reported to be irreversible and to have a Ttrs of .70�C

(37). However, for irreversible reactions, a high melting

temperature does not guarantee that a protein will remain in

its native state for a given time at a certain temperature (38).

In such cases, information about the structural integrity of

proteins can only be obtained from kinetic parameters. The

physical basis of protein kinetic stability is, however, poorly

understood, and no structural consensus has been found to

explain this phenomenon (39).

FIGURE 3 Thermal transitions of apo- (A) and holo- (B) forms of CP

monitored by tryptophan fluorescence (emission wavelength 335 nm) and

ANS fluorescence (emission wavelength 510 nm). Fluorescence is shown as

normalized ellipticity. Measurements were performed at three different scan

rates (from left: 0.5, 1.0, and 1.5 K/min) at pH 7.0. Experimental data are

shown as points; theoretical fits based on Eq. 11 are shown as solid lines.

FIGURE 4 Thermal dependence of absorbance of holo-CP at 610 nm (s)

and oxidase activity at 20�C (d) after heating to the indicated temperatures.
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In this study, we assessed the thermal reaction of human CP

in its apo- and copper-loaded forms to reveal details about ki-

netic stability and specific roles of the coppers. Previously,

copper has been found to add to both equilibrium and kinetic

stability of some proteins (i.e., azurin, ascorbate oxidase, Cu, Zn-

superoxide dismutase) (40–44). However, it has also been shown

that copper can decrease the stability of proteins. For example,

copper ions 1), promote transitions in the prion protein toward

less thermally stable conformations (45), 2), limit the revers-

ibility of thermal transitions of blue-copper proteins (46–48), and

3), bind specifically to nonnative states of b2-microglobulin,

resulting in a destabilization of the native state (49). Our work

presented here reveals that in the case of human CP, the

protein is thermally and kinetically stabilized by its copper co-

factors.

We have found that the thermal reaction of CP (both apo-

and holo- forms) is irreversible and involves two phases. An

irreversible two-step model was therefore used to analyze

thermal data collected by a set of different detection methods

(i.e., CD, fluorescence, and DSC). The similar parameters de-

rived from data collected by the different detection methods,

and for data collected with different scan rates, strongly sup-

port the validity of the assumed denaturation mechanism. Based

on the spectroscopic data (Fig. 2), the holo-intermediate spe-

cies has slightly perturbed secondary structure and exposes

50–70% of its tryptophans to the solvent (Fig. 3). The en-

thalpy data (Table 1) suggest that formation of the interme-

diate corresponds to about one-sixth of the overall enthalpy

change associated with the overall reaction (DH1 is about one-

sixth of total enthalpy change for holo-CP). These numbers

suggest that the intermediate has one or two domains (of the

six) unfolded. Because there is no significant increase in ANS

emission at the conditions favoring the thermal intermediate,

a partially folded species is disfavored over a species with most

domains fully folded and a few (or one) domains fully un-

folded.

The blue color experiments (Fig. 4) indicate that the holo-

intermediate has lost one oxidized type-1 copper, and the

activity experiments imply that the trinuclear cluster is intact

in the intermediate species. The oxidized type-1 copper that

is removed in the intermediate could be the one in either do-

main 4 or 6. We propose that it is more likely that it is the one

in domain 4, as disruption of the type-1 site in domain 6 (for

example, through domain unfolding) would likely also per-

turb the interface between domains 6 and 1 and therefore affect

the trinuclear copper site. It is also possible that the copper

loss in the first unfolding step corresponds to a small disrup-

tion of the metal site and that the affected protein domain (i.e.,

domain 4 or 6) remains folded. In analogy with the urea-

induced holo-CP intermediate observed at room temperature

that had lost two coppers (one oxidized and one reduced) (29),

we suggest that the reduced type-1 copper in domain 2 is also

absent in the thermal holointermediate of CP. We propose

that domain 2 is an unfolded domain in the intermediate; if so,

the parts of CP involved in oxidase activity are not affected

(which is in agreement with our observations) (Fig. 4).

The transition I / D is most likely accompanied by struc-

tural perturbation in all domains and loss of the trinuclear

copper cluster. Based on its CD spectrum, the final thermal

state, D, corresponds to a molten-globule species for both apo-

and holo-CP (Fig. 1). This species appears similar to the dead-

end molten globule detected on refolding attempts in urea from

the completely unfolded states of apo- and holo-CP at room

temperature (29). The starting state of apo-CP has an open

structure and no interactions between domains 1 and 6 (28).

Because the N / I transition for apo-CP involves a similarly

low DH1 as in the case of holo-CP, it is likely that the same

domain is perturbed as in the holointermediate. In Fig. 5, a

tentative scheme for thermal perturbations of holo- and apo-

forms of CP that is based on our data is shown.

Inspection of the parameters from the fits (Table 1) reveals

that although the first transition (N to I) is only somewhat

stabilized in the holo- form (T1* increases by 4�), the second

step (I to D) is much stabilized in the holo- form (T2* in-

creases by 18�) as compared with the apo-form data. This im-

plies that although the trinuclear copper cluster (and thus the

interactions between domains 1 and 6) contributes to the ther-

mal stability of holo-CP, the type-1 coppers have almost no

such effect.

The activation/rate parameters obtained from the fits to the

DSC data enabled us to predict the time dependences of the

populations of gN, gI, and gD at 37�C (and any other tem-

perature) for apo- and holo- forms of CP via Eq. 5 (Fig. 6). We

find that the native state of holo-CP is relatively unstable at

FIGURE 5 Tentative scheme for thermal unfolding of

holo- and apo- forms of CP based on our work (trapezoid

indicates intact domain, and circle molten-globule-like

domain). We propose that the first N-to-I transition

involves unfolding of one or two domains, perhaps domain

2 as shown here. For holo-CP, the N-to-I step also couples

to type-I copper release. One oxidized type-1 copper is lost

(the one in domain 4 is shown, but it could also be the one

in domain 6). If domain 2 is unfolded in I, it appears

reasonable that the reduced type-1 copper in this domain is

also lost (as shown here). This was previously concluded to

be the case for the urea-induced CP intermediate (29). The

last step involves destruction of the trinuclear copper

cluster and structural perturbations in all domains.
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physiological temperatures (i.e., 37�C): it transforms to the

I state with a half-time of ;13.8 h at this temperature. The

I form of holo-CP is more kinetically stable: its half-life is

;17 days, pH 7, 37�C. Because the (N / I ) conversion occurs

on a biologically relevant time scale (i.e., hours at 37�C), both

N and I forms of holo-CP may be present in vivo depending on

conditions and copper levels. Removal of copper results in an

apoprotein that has less kinetic stability at 37�C. The rate of

disappearance of ‘‘native’’ apo-CP corresponds to a half-life

of 4.3 h (threefold faster than holo-CP). The intermediate

species of apo-CP disappears in 1.9 days (i.e., ninefold faster

than the holo- form). Notably, direct kinetic unfolding ex-

periments measured by fluorescence of apo- and holo-CP on

jumping to different final temperatures (between 42�C and

60�C) matched the values of k1 and k2 predicted from the DSC

parameters at each temperature (Supplementary Material). This

agreement between physical measurements and predictions

supports the conclusion that the assumed two-step mechanism

is appropriate and thus that the predicted kinetic parameters at

37�C are valid.

CONCLUSIONS

In summary, we show that despite an apparent high thermal

stability (observed midpoint at 70–75�C depending on condi-

tions), holo-CP with six intact coppers is a kinetically unstable

protein at physiological temperatures (i.e., at 37�C, pH 7).

Within hours at this temperature, it converts to a much more

inert intermediate species that has lost one or two of the type-

1 copper ions. We propose that this intermediate may be present

in vivo under some conditions. Our earlier urea experiments

(pH 7, 20�C) revealed a similar holo-I species that formed

reversibly on minor perturbations of the six-copper, fully

loaded state of CP (29). In the absence of all coppers, CP is

even more unstable; apo-CP is completely unfolded in ,2

days at 37�C. The low kinetic stability of the apo- form of CP

may correlate with its rapid degradation in vivo in various

disease conditions (36).

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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Abstract Here we show that increased amount of secondary
structure is acquired in the folded states of two structurally-dif-
ferent proteins (a-helical VlsE and a/b flavodoxin) in the pres-
ence of macromolecular crowding agents. The structural
content of flavodoxin and VlsE is enhanced by 33% and 70%,
respectively, in 400 mg/ml Ficoll 70 (pH 7, 20 �C) and correlates
with higher protein-thermal stability. In the same Ficoll range,
there are only small effects on the unfolded-state structures of
the proteins. This is the first in vitro assessment of crowding
effects on the native-state structures at physiological conditions.
Our findings imply that for proteins with low intrinsic stability,
the functional structures in vivo may differ from those observed
in dilute buffers.
� 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

Keywords: Macromolecular crowding; Excluded volume effect;
Circular dichroism; Secondary structure
1. Introduction

The intracellular environment is crowded due to the pres-

ence of high concentrations of macromolecules including pro-

teins, nucleic acids, ribosomes, and carbohydrates [1]. This

means that a significant fraction of the intracellular space is

not available to other macromolecular species. It has been esti-

mated that the concentration of macromolecules in the cyto-

plasm is in the range of 80–400 mg/ml [2,3] corresponding to

a volume occupancy of up to 40%. Due to excluded volume ef-

fects, any reaction that amplifies the available volume will be

stimulated by macromolecular crowding [4–7]. It is proposed

that the major result of macromolecular crowding, or space

confinement, is a stabilizing effect on the folded protein that

originates in lowered entropy of the unfolded state because

of polypeptide compaction. Experimental and theoretical work

has demonstrated large effects of crowding on the thermody-

namics and kinetics of many biological processes in vitro,

including protein binding, folding, and aggregation [2,8–11].

Crowded conditions can be created experimentally by add-

ing inert synthetic or natural macromolecules, termed crowd-
*Corresponding author. Address: Department of Chemistry, Rice
University, 6100 Main Street, Houston, TX 77251, United States.
E-mail address: pernilla@rice.edu (P. Wittung-Stafshede).
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ing agents, to the systems in vitro. Experimental studies of

crowding effects on folding have mostly involved large, com-

plex proteins and often at extreme solvent conditions (such

as acidic pH) [2,8,12,13]. A few studies have focused on the

ability of crowding agents to induce conformational changes

in unfolded states of proteins. For example, unfolded cyto-

chrome c was found to adopt a molten globule state in crowd-

ing agents at low pH, [14] and two intrinsically unstructured

proteins (FlgM and a variant of RNase T1) were discovered

to fold in crowded conditions [15,16]. No in vitro studies have

focused on the effects of macromolecular crowding agents on

the folded structures of small, single-domain proteins at phys-

iological conditions.

To address this issue, here we investigate the native- and un-

folded-state structures of two model proteins (Borrelia burg-

dorferi VlsE and Desulfovibrio desulfuricans flavodoxin) as a

function of macromolecular crowding in vitro (i.e., using syn-

thetic crowding agents). The two proteins were strategically

selected to include contrasting folds and sizes: VlsE (341

residues) has 50% a-helices and the rest is mostly unstructured

loops [17,18], whereas flavodoxin (148 residues) has a mixed a/

b topology with a flavin mononucleotide (FMN) cofactor

(Fig. 1) [19]. Both proteins have been characterized previously

in our laboratory in terms of chemical and thermal unfolding

behaviors in dilute solutions [17,20,21]; both proteins have

rather low thermal (Tm of �50 �C; pH 7) and thermodynamic

(DGU of 15–20 kJ/mol; pH 7, 20 �C) stabilities. Ficoll 70 (i.e., a

highly branched copolymer of sucrose and epichlorohydrin

building blocks) and dextran 70 (i.e., a flexible long-chain

poly(DD-glucose) with sparse and short branches) are polysac-

charides that are inert, polar and do not interact with proteins.

Ficoll behaves like a semi-rigid sphere (radius �55 Å) whereas

dextran is best modeled as a rod-like particle [22,23]. Both

polymers are attractive mimics of macromolecules that may

be present in the biological setting where proteins normally

fold.
2. Materials and methods

Proteins were prepared as described [17,21]. Ficoll 70, dextran 70,
polyethylene glycol (PEG1,450), GuHCl and urea (Sigma) were of
highest purity; special care was taken to mix all solutions due to the
high viscosity of some samples. Equilibration times (at 20 �C) were
checked before measurements; 2–16 h were sometimes needed. Aggre-
gation was not detected in these mixtures as assessed by manual inspec-
tion and by light scattering at 300 nm. Far-UV CD (Jasco J-810
instrument) was measured in a 1-mm cell (200–300 nm); 10 mM
HEPES or phosphate buffer, pH 7, with/without GuHCl/urea as indi-
cated. In most experiments, 20 lM flavodoxin or 10 lM VlsE was
blished by Elsevier B.V. All rights reserved.



Fig. 1. Models of Desulfovibrio vulgaris flavodoxin (a. D. desulfuricans
homolog, left) and Borrelia burgdorferi VlsE (right) based on the
crystal structures 2fx2 and 1L8W. The FMN cofactor in flavodoxin is
shown in stick; red corresponds to a-helices, green represents b-strands
in flavodoxin and turns in VlsE.

5066 M. Perham et al. / FEBS Letters 581 (2007) 5065–5069
used. Thermal unfolding experiments were probed by CD at 220 nm
(20–95 �C; scan rate 1 deg/min) for samples of protein mixed with dif-
ferent fixed concentrations of Ficoll 70 or dextran 70 (in the range 0–
400 mg/ml). Varying the scan rate between 0.5 and 2.5 deg/min did not
change the profiles. The thermal unfolding reactions were not fully
reversible: for both proteins, only 50–70% (depending on buffer condi-
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3. Results

In Fig. 2A, we show the far-UV circular dichroism (CD)

spectra of native flavodoxin in the presence of increasing

amounts of Ficoll 70 (0–400 mg/ml; pH 7.0, 20 �C). It is clear

that the negative far-UV CD signal grows larger, suggesting

gain of secondary structure as a function of crowding. The

negative signal at 220 nm increases by 24% in 200 mg/ml and

by 33% at 400 mg/ml Ficoll 70. By contrast, in both 3 and

4 M GuHCl, denaturant conditions known to cause complete

flavodoxin unfolding [20,21], there is no effect by the same Fi-

coll 70 additions (Fig. 2B). Thermally unfolded flavodoxin (at

95 �C, pH 7) displays minor changes in CD signal as a function

of Ficoll 70 concentration albeit the spectral shape remains

characteristic of that of unfolded polypeptides (Fig. 2C). We

note that there was no contribution to the CD signal from

the Ficoll 70 itself and no protein aggregation occurred in

any of the solutions.

Similar effects on the folded (Table 1) and unfolded (not

shown) states were obtained when dextran 70 was incubated

with flavodoxin. Moreover, when the same Ficoll and dextran

experiments were repeated with folded and unfolded forms of

apoflavodoxin (i.e., no FMN), again, the same trends were ob-

served (not shown). Secondary structure estimations (using

SOMCD neural network algorithm), based on the CD spectra
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Table 1
Effects of different macromolecular crowding agents on the native-state
structures of flavodoxin and VlsE (buffer, pH 7, 20 �C) as measured by
far-UV CD

Protein Agent % change

Flavodoxin Ficoll 70 24 ± 4
Dextran 70 10 ± 3
PEG 1,450 5 ± 2
Glycerol 0 ± 3

VlsE Ficoll 70 30 ± 3
Dextran 70 33 ± 3
PEG 1,450 20 ± 4
Glycerol 0 ± 2

The percentages represent increases in negative CD signal at 220 nm
(i.e., 100% *CD(crowder)/CD(buffer) � 100%) when 200 mg/ml of
crowding agent was added. The small osmolyte, glycerol, (known to
stabilize proteins) was also tested as a control. Note that for Ficoll 70,
the changes are found to be higher in 400 mg/ml (see text and Fig. 2A,
D).
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for folded flavodoxin at different conditions, revealed that the

helical content increased while the random coil content de-

creased, with no change in b-sheet content, when going from

0 to 400 mg/ml Ficoll 70 (in buffer pH 7, 20 �C).

To test the generality of the observation, we performed the

same experiments with another, structurally-different protein:

the a-helical VlsE. Based on the increased negative far-UV

CD signal, there is a dramatic build up of helical content in

the native state of VlsE upon additions of Ficoll 70

(Fig. 2D). The negative CD signal at 220 nm increases approx-

imately linearly with Ficoll concentration up to 400 mg/ml (In-

set, Fig. 2E). Structural estimates using the SOMCD algorithm

disclosed that the helix content rises from 52% to 80% when

going from 0 to 400 mg/ml Ficoll 70 (in buffer pH 7, 20 �C).

Again, at denaturant conditions causing complete VlsE

unfolding (2.5 M urea, pH 7, 20 �C) [17], there is no effect on

the CD spectra for Ficoll 70 additions up to 200 mg/ml

(Fig. 2E). However, at 250 and 300 mg/ml Ficoll 70, a distinct

non-native form of VlsE appears (Fig. 2F) exhibiting a nega-

tive far-UV CD peak centered at 220–225 nm, in agreement

with b-sheet/turn content [24]. Interestingly, this species resem-

bles a non-native state of VlsE detected in high concentrations

of alcohols [25]. We previously proposed that this conforma-

tion may be biologically significant as alcohols mimic dielectric
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two-state mechanism for VlsE, CD-detected transitions match fluorescence-d
properties of the environment near membranes. Like in the

case of flavodoxin, dextran 70 had similar effects on the na-

tive-state conformation of VlsE as Ficoll 70 (Table 1).

Since excluded-volume theory predicts that protein stability

is enhanced by crowding, we tested if the structural effects ob-

served on the native states correlated with increased thermal

stability. In Fig. 3 we show thermal profiles, as monitored by

far-UV CD, for flavodoxin as a function of increasing amounts

of Ficoll 70 (A) and dextran 70 (B). As expected, both macro-

molecular crowding agents have stabilizing effects on flavo-

doxin. The thermal midpoint, Tm, increases gradually from

48 �C with no crowder (pH 7, HEPES buffer) to 64 �C in

400 mg/ml of Ficoll 70, and to 70 �C in 400 mg/ml of dextran

70 (pH 7). Analogously VlsE was found to gradually shift its

thermal midpoint from 49 to 55 �C when the Ficoll 70 concen-

tration was increased stepwise from 0 to 400 mg/ml (Fig. 3C).

We note that the thermal transitions were only partially revers-

ible (probed by the return of the native-like CD signal).
4. Discussion

This is the first assessment of protein native-state structural

effects by macromolecular crowding in solution at physiologi-

cal pH. Surprisingly, we discovered that for two unrelated sin-

gle-domain proteins (Fig. 1), their folded states become more

ordered, in terms of secondary-structure content, in the

presence of crowding agents (i.e., spherical Ficoll 70 and

rod-shaped dextran 70) (Fig. 2; Table 1). These effects on the

native-state conformations correlate with increased thermal

stability in both proteins (Fig. 3). Our findings imply that the

crowded cellular environment can have conformational effects

on the folded states of proteins. Since the same results are ob-

tained for two unrelated proteins with different folds, we pro-

pose that this may be a general phenomenon for small, single-

domain proteins in vivo. In support of this idea, an increased

structural content in the native state of a third, unrelated pro-

tein, Pseudomonas aeruginosa azurin was also detected (not

shown). It is possible that observed differences between

NMR-solution and crystallographic structures of proteins

[26,27] are due to macromolecular crowding effects (due to

the close packing of identical proteins) in the crystals.

Clearly, there are parallels between high-volume occupancy
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of macromolecular-crowding agents in solution and close

packing of proteins in crystalline states.

Since Ficoll 70 and dextran 70 are both sugar-based poly-

mers, we also tested the effect of a chemically-different crowd-

ing agent, i.e., polyethylene glycol (PEG 1,450). PEG is best

modeled as a spherical particle. We found that the native-state

structures of flavodoxin and VlsE were similarly perturbed in

the presence of PEG, as in the presence of Ficoll and dextran

(Table 1). However, the extent of the change (as measured by

CD) was less with PEG. This may be due to the smaller size of

the PEG variant we used as compared to the sugar-based

polymers (MW of 1450 for PEG versus 70,000 for Ficoll and

dextran). The excluded-volume theory implies that macro-

molecular crowding affects the unfolded states of proteins,

thereby indirectly making the folded states more stable [4–7].

Although this theory states that changes in protein stability

are due mostly to unfavorable effects on the unfolded-state

ensemble, direct effects on the folded state is not excluded

[28,29]. Thus, our findings are not in direct disparity with

excluded-volume theory but they clearly emphasize that struc-

tural perturbations on the native state should be given

deeper consideration in future experiments and theoretical

models.

Analogously to our results presented here, upon encapsula-

tion in a silica gel with hydrophobic modifications, apo-myo-

globin acquired a higher helical content than that found for

the folded state in solution [30]. In earlier studies of unfolded

apo-myoglobin in different sol–gel systems, it was proposed

that its ability to fold was influenced by the properties of con-

fined water molecules in the silica pores [31,32]. The effect of

water on hydrophobic and ionic interactions in small mole-

cules confined in water droplets [33] as well as on protein-con-

formational changes in confined spaces [34,35] have recently

been addressed. We speculate that interactions with confined

water molecules, in combination with other factors, play a role

in the formation of the non-native VlsE species observed in

high amounts of Ficoll at denaturing conditions (Fig. 2F).

We note that VlsE was found as a dimer in the crystal structure

and at some solution conditions [18,36]; therefore, we probed

the possibility of VlsE dimers at our crowded conditions

in vitro. Based on cross-linking experiments, we conclude that

a fraction (20–30%) of VlsE dimers may exist at high Ficoll 70

amounts (i.e., 300–400 mg/ml) whereas only monomers

(>95%) are detected in buffer and at low Ficoll amounts (i.e.,

100–200 mg/ml). Since the dimer and monomer forms of VlsE

have about the same amount of a-helices [18,36], dimer forma-

tion does not explain the increased structural content in the

presence of crowding agents.

We propose that crowded conditions cause enrichment of a

subset of protein structures, within the folded ensemble of spe-

cies, which are most ordered. Extension of a-helices may be the

dominant consequence of macromolecular crowding as the

random coil-to-helix process can be viewed as a simple one-

dimensional phase transition [37]. This agrees with our obser-

vations of non-cooperative, gradual changes in protein struc-

ture as a function of Ficoll 70 concentration (e.g. inset,

Fig. 2E). As b-sheets involve long-range interactions, their for-

mation will require cooperativity and spatial precision. Nota-

bly, all proteins studied here, and previous ones found to

fold in crowded conditions [15,16,30], contain some helical ele-

ments. In addition, for both VlsE and flavodoxin, the struc-

tural effects found in Ficoll/dextran correspond to increases
in a-helix, and not b-sheet, content as based on CD spectra

predictions.

In an attempt to correlate the native-state structural effects

to thermodynamics, the thermal-unfolding data in Fig. 3 was

analyzed. Since thermal unfolding of flavodoxin is non-two-

state [21], two-state analysis of the curves is not valid. Instead,

we measured the calorimetric enthalpy change for flavodoxin

unfolding in buffer (using differential scanning calorimetry;

DHcal = 275 ± 20 kJ/mol) and, together with the DTm values

from the CD measurements at various crowded conditions,

change in protein stability (DGU) was derived as described in

Eq. (20) in [38]. For the largest DTm (i.e., in 400 mg/ml dextran

70), the estimated increase in DGU is �16 kJ/mol. In contrast,

VlsE unfolding is two-state and the enthalpy change was ob-

tained using van’t Hoff equation [38] and the thermal profile

in buffer (DHvH = 460 ± 15 kJ/mol). Using this value and the

DTm for VlsE in 400 mg/ml Ficoll 70, we estimated an increase

in DGU of �9 kJ/mol. Thus, both proteins appear to be sub-

stantially stabilized in the presence of crowding agents. We

note that further thermodynamic analysis is not reliable since

the reactions in high Ficoll concentrations are not reversible

and, for VlsE, the protein adopts a non-native state.

In conclusion, our findings propose that ‘native’ states of

proteins (at least for small proteins with marginal stability)

in vivo and in vitro may differ: there appears to be ‘room for

improvement’, e.g. tightening of loops and helix extensions,

depending on the surrounding solute environment. Future

studies using other detection methods (e.g. NMR), to pinpoint

the location of the structural changes in the sequence, as well

as correlations with protein activity will be of high interest.
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To investigate the consequences of macromolecular crowding on
the behavior of a globular protein, we performed a combined
experimental and computational study on the 148-residue single-
domain �/� protein, Desulfovibrio desulfuricans apoflavodoxin. In
vitro thermal unfolding experiments, as well as assessment of
native and denatured structures, were probed by using far-UV CD
in the presence of various amounts of Ficoll 70, an inert spherical
crowding agent. Ficoll 70 has a concentration-dependent effect on
the thermal stability of apoflavodoxin (�Tm of 20°C at 400 mg/ml;
pH 7). As judged by CD, addition of Ficoll 70 causes an increase in
the amount of secondary structure in the native-state ensemble
(pH 7, 20°C) but only minor effects on the denatured state.
Theoretical calculations, based on an off-lattice model and hard-
sphere particles, are in good agreement with the in vitro data. The
simulations demonstrate that, in the presence of 25% volume
occupancy of spheres, native flavodoxin is thermally stabilized,
and the free energy landscape shifts to favor more compact
structures in both native and denatured states. The difference
contact map reveals that the native-state compaction originates in
stronger interactions between the helices and the central �-sheet,
as well as by less fraying in the terminal helices. This study
demonstrates that macromolecular crowding has structural effects
on the folded ensemble of polypeptides.

energy landscape theory � excluded volume effect �
molecular simulations � protein folding

Protein folding in vitro has been extensively characterized in
dilute conditions. However, the intracellular environment is

highly crowded because of the presence of large amounts of
soluble and insoluble macromolecules, including proteins, nu-
cleic acids, ribosomes, and carbohydrates. This means that a
significant fraction of the intracellular space is not available to
other macromolecular species. It has been estimated that the
concentration of macromolecules in the cytoplasm is in the range
of 80–400 mg/ml (1, 2). All macromolecules in physiological
f luids collectively occupy between 10% and 40% of the total
f luid volume (3, 4). The term ‘‘macromolecular crowding’’
implies the nonspecific influence of steric repulsions on specific
reactions that occur in highly volume-occupied media. Because
of excluded volume effects, any reaction that amplifies the
available volume will be stimulated by macromolecular crowding
(5–8). It is proposed that crowding provides a stabilizing effect
to the folded protein indirectly because of compaction of the
denatured states. Crowding can be mimicked experimentally by
adding high concentrations of inert synthetic or natural macro-
molecules, termed crowding agents, to the systems in vitro.
Experimental and theoretical work has demonstrated large
effects of crowding on the thermodynamics and kinetics of many
biological processes, including protein binding, folding, and
aggregation (1, 9–12).

Whereas theoretical simulations have focused on very small
proteins or peptides (11), experimental crowding studies have
mostly involved large complex proteins (i.e., multidomain and/or
disulfide containing) and often extreme solvent conditions (such
as acidic pH). For example, the effects of crowding agents on the

refolding of reduced denatured lysozyme (1, 9), oligomerization
of GroEL subunits (13), self-assembly of the cell division protein
FtsZ (14) and the capsid protein of HIV (15), and amyloid
formation of the human apolipoprotein C-II (16) have been
reported. A few studies have focused on the ability of crowding
agents to induce conformational changes in unfolded states of
proteins (17, 18). For example, it was shown that unfolded
cytochrome c adopts a molten globule state in the presence of
crowding agents at low pH (19). Notably, there are no detailed
studies of the effects of macromolecular crowding on the be-
havior of small single-domain proteins that fold with simple
mechanisms in dilute solutions.

To fill this gap, we have combined experimental and theoret-
ical approaches to carefully assess the native and denatured
structural ensembles, as well as the thermal stability, of a well
behaved �/� model protein (i.e., apoflavodoxin) as a function of
concentration of an inert spherical macromolecular crowding
agent (i.e., Ficoll 70). Our in vitro and in silico results are in
excellent agreement and demonstrate that crowding increases
protein-thermal stability via structural enhancement in both the
folded and denatured ensembles of molecules.

Results
Choice of Protein and Crowding Agent. The model system, Desul-
fovibrio desulfuricans f lavodoxin (Fig. 1A), was selected because
it is a small �/� protein (148 residues) with a common fold (i.e.,
the flavodoxin-like fold) in which a central �-sheet is surrounded
by four helices (20–22). This protein has been extensively
characterized previously in our laboratory in terms of its chem-
ical and thermal unfolding behaviors in dilute solutions (23–27).
It unfolds in an apparent two-state reaction upon chemical and
thermal perturbations when monitored by far-UV CD. To be
able to match with simulations, f lavodoxin devoid of the FMN
cofactor, i.e., apoflavodoxin, is used in all work herein. Apofla-
vodoxin has the same folded structure as with the cofactor; it
exhibits a rather modest stability (�15 kJ/mol, pH 7) at room
temperature, indicating there is span for possible improvement
because of crowding effects. The crowding agent selected for this
work is Ficoll 70. This agent has many advantages; it is a
polysaccharide (i.e., sucrose epichlorohydrin copolymer; aver-
age molecular mass of 74 kDa) that is inert, polar, and does not
interact with proteins. It behaves like a semirigid sphere (radius
of �55 Å) (28, 29); thus it is an attractive mimic of globular
macromolecules that may be present in the biological setting
where proteins normally fold. In addition, it can readily be
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represented in computer simulations as repulsive hard spheres of
the appropriate size (Fig. 1B; for volume occupancy, �c, of 25%).

Ficoll 70 Increases Protein Thermal Stability in Vitro. Far-UV CD at
222 nm was used to probe thermal unfolding of apoflavodoxin
as a function of increasing Ficoll 70 concentrations (0–400
mg/ml, pH 7). All reactions appear as single cooperative tran-
sitions and are 70–80% reversible; in addition, there is no
scan-rate dependence in accord with equilibrated reactions. As
demonstrated in Fig. 2A, the presence of Ficoll 70 has a dramatic
effect on apoflavodoxin thermal stability. The more Ficoll 70 is
present in the samples, the higher the thermal midpoint (Tm) for
apoflavodoxin. In fact, Tm increases from 45°C to 65°C, going
from 0 to 400 mg/ml Ficoll 70 in Hepes buffer, pH 7 (Table 1).

Apoflavodoxin is sensitive to buffer composition. For exam-
ple, the protein is thermodynamically more stable in phosphate
than in Hepes buffer (23). We found that by changing only the
buffer conditions, the Tm value for apoflavodoxin can shift as
much as 25°C (i.e., comparing phosphate plus salt vs. Hepes
buffers at pH 7). This implies that population shifts within the
native-state ensemble are possible and, moreover, that this
ensemble contains a distribution of molecules with slightly
different thermodynamic properties (30, 31). Nonetheless, the
addition of Ficoll 70 always has a stabilizing effect on apofla-
vodoxin thermal stability, albeit the magnitude depends on the
buffer choice (Table 1). The lower the protein stability without

crowding agent in a particular buffer, the larger the stabilizing
effect due to Ficoll 70 (Fig. 2B).

Structural Effects on Native State by Ficoll 70. In Fig. 3A, we show
the far-UV CD spectra of native apoflavodoxin in the presence
of increasing amounts of Ficoll 70 (0–400 mg/ml; pH 7.0, 20°C).
Unexpectedly, we find that the negative far-UV CD signal grows
larger, suggesting gain of secondary structure, as a function of
added crowding agent. The negative signal at 222 nm is raised by
�10% in 200 mg/ml and by �15% at 400 mg/ml Ficoll 70.
Thermally denatured apoflavodoxin (at 95°C, pH 7) also displays
changes in the CD signal as a function of Ficoll 70 concentration,
but the spectral shape remains characteristic of that of unfolded
polypeptides (Fig. 2B). For comparison, we also collected CD
spectra of apoflavodoxin unfolded in 3 M guanidine hydrochlo-
ride (GuHCl) as a function of Ficoll 70 additions (at pH 7, 20°C).
As seen in Fig. 3C, the addition of Ficoll (up to 250 mg/ml tested)
to the chemically denatured protein has no major effect on
secondary structure content.

Secondary structure estimations based on the far-UV CD
spectra of folded flavodoxin (using the SOMCD neural network
algorithm, http://geneura.ugr.es/cgi-bin/somcd/index.cgi) reveal
that the helical content rises up to 20%, whereas the random coil
contribution shrinks �10% when going from 0 to 400 mg/ml
Ficoll 70 conditions (in buffer pH 7, 20°C). In the crystal
structure of Desulfovibrio vulgaris f lavodoxin (i.e., 2fx2, the
closest structural homolog to D. desulfuricans f lavodoxin in the
Protein Data Bank), the protein has �37% helix, �29% �-sheet,
and �34% random coil; interestingly, this composition is very
similar to that estimated for our apoflavodoxin in 400 mg/ml
Ficoll 70. Thus, with Ficoll 70, the mean of the native-state
ensemble distribution in solution shifts toward a structure that
is similar to that in the crystals. We note that when the same
Ficoll 70 titrations were repeated with folded and unfolded
forms of holoflavodoxin (i.e., with FMN bound), similar trends
as for the apoform were observed (data not shown). In addition,
we found that another crowding agent, Dextran 70 (a glucose
polymer that adopts a rod-shape structure), also induces addi-
tional structure in folded flavodoxin (data not shown).

Simulated Effects of Crowding Matches in Vitro Data. To assess the
effects of macromolecular crowding on apoflavodoxin from a
theoretical view, we computed thermodynamic properties and
simulated the free-energy landscape for apoflavodoxin at dif-
ferent temperatures, with and without hard-sphere Ficoll 70
particles at a volume occupancy of �c � 25% (scenario depicted
in Fig. 1B). The folding transition temperature was calculated
from the temperature dependence of the Q parameter to be 365
K without crowder. As in the in vitro experiments, apoflavodoxin
unfolds in a single thermal transition in silico that is shifted to
higher temperatures (i.e., Tm of 372 K) at �c � 25% (data not
shown). The stabilizing effect and the relative change in Tm value

Table 1. Tm values (in kelvin) for apo-flavodoxin unfolding in
different buffers (pH 7) combined with different amounts of
Ficoll 70, as indicated

Buffer Bulk
100

mg/ml
200

mg/ml
300

mg/ml
400

mg/ml

Hepes 317 � 1 321 � 1 325 � 1 331 � 1 337 � 1
Phosphate 328 � 1 330 � 1 — 338 � 1 341 � 1
Phosphate � NaCl 342 � 1 343 � 1 — 346 � 1 —
Simulation 365 372 (volume occupancy of 25%)

The experimental midpoints were derived from CD-detected unfolding
curves. All transitions were �80% reversible.

A B

Fig. 1. Protein system used in this study. (A) Model of D. vulgaris flavodoxin
(2fx2). The sequence of D. desulfuricans flavodoxin, used in our in vitro
experiments, is 46% identical to that of D. vulgaris. Green, �-sheets and loops;
red, �-helices; blue, FMN cofactor (removed in our experiments). (B) Snapshot
of apoflavodoxin and hard spheres of the size of Ficoll 70 (volume fraction �
25%) as used in the simulations.
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Fig. 2. In vitro thermal stability as a function of crowding agent. (A) Thermal
unfolding curves for apoflavodoxin probed by far-UV CD in the presence of
various amounts of Ficoll 70. (B) Tm vs. Ficoll 70 concentrations for apofla-
vodoxin in three different buffer conditions (squares, 10 mM Hepes; circles, 20
mM phosphate; diamonds, 40 mM phosphate plus 250 mM NaCl, all at pH 7).
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due to the presence of crowders agree well between in silico and
in vitro data (Table 1).

The trend of enhanced native-like structure in the presence of
crowders is seen from 1D energy profiles, F as a function of Q,
at a temperature close to the folding transition [supporting
information (SI) Fig. 7]. The shifts in the minimum of the folded
state, from Q � 0.76 (for bulk) to Q � 0.80 (�c � 25%) and Q �
0.82 (�c � 40%), indicate augmentation of native-like structures
in the folded ensemble in the presence of crowders. This type of
native-state change was not observed in the previous investiga-
tion of the WW domain (11). This difference may be due to the
fact that flavodoxin is longer (148 residues) and contains more
complex secondary and tertiary structures than the WW domain
(34 residues).

In Fig. 4, we show the resulting 2D energy landscapes for
apoflavodoxin as a function of radius of gyration, Rg, and
fraction of native contacts, Q, at T � 360 K for bulk (Fig. 4A)
and �c � 25% (Fig. 4B) crowding conditions. Comparing Fig. 4
A with B, it is clear that the shape of the energy landscape shifts
toward the low Rg region in the presence of crowder. The
ensemble structures of apoflavodoxin become more compact
(i.e., Rg decreases) when crowders are added. Notably, this is
apparent for both the unfolded and the native-state ensembles.
For the native-state ensemble, the average Rg is 4.052 � 0.001�
(� � 3.8 Å) for bulk conditions and 4.039 � 0.001� for �c � 25%
conditions. Interestingly, despite the reduction in size of the
native-state ensemble in the presence of crowders, the shape
parameters remain the same in both cases (for bulk, � � 0.035 �
0.001 and S � �0.011 � 0.001; for �c � 25%, � � 0.036 � 0.001
and S � �0.011 � 0.001). This observation demonstrates that
the effects on protein compaction due to crowding are isotropic.

To reveal the molecular origin of the crowding-induced pro-
tein compaction and increased structural content, we derived
difference contact maps of the folded states of apoflavodoxin
between the �c � 25% and the bulk conditions (Fig. 5A). The
same difference contact map was created between the two
denatured states (Fig. 5B). Inspection of these maps reveal that
the compaction of folded flavodoxin stems from improved
interactions between the surrounding helices and the core
�-sheet, as well as from less helix fraying in the terminal helices.
Because helical contacts are stable in both bulk and crowded
cases, these contacts do not show much of a color change in the
difference map, although it is possible that the helices become
more rigid in the presence of crowding agents. The extension of
helices agrees well with the far-UV CD data that implied more
�-helical content in folded apoflavodoxin at crowded conditions.
In contrast, in the denatured state, crowding appears only to
promote some native contacts between residue regions 70–90
(helix 2/loop region in folded protein) and 40–60 (loop/�-strand
region in folded protein) (Fig. 5B). From an overall perspective,
structural f luctuations in the native state, as measured by the

rmsd for each residue, are diminished by a factor of 2 in the
presence of crowders at �c � 25% (SI Fig. 8).

Discussion
This is a combined experimental/computational study elucidat-
ing the effects of molecular crowding on thermal and structural
properties of a small single-domain globular �/� protein (i.e.,
148-residue apoflavodoxin). Earlier experimental work has fo-
cused on the effects of crowding on kinetic refolding of complex
proteins and on protein nonnative states at extreme conditions,
whereas theoretical approaches have instead involved simple
lattice models or small peptide systems (1, 9–12).

An equilibrium statistical-thermodynamic model, developed
primarily by A. P. Minton (32), predicts that macromolecular
crowding should increase protein thermal stability (Tm) by a
magnitude of �5–20°C at physiological solute conditions. How-
ever, there have been few experimental verifications of this
prediction. The reason is likely that many proteins unfold
irreversibly and aggregate in the presence of high concentrations
of crowding agents. The (irreversible) thermal midpoint for
G-actin was found to increase by 5°C in the presence of 100
mg/ml PEG (33); the presence of 300 mg/ml dextran had a 3°C
favorable effect on lysozyme thermal stability at pH 2 (19), and
the presence of 370 mg/ml dextran raised Tm by 3.5°C for
cytochrome c (34). In contrast to these modest effects, but in
agreement with the prediction, we discovered that Ficoll 70
dramatically enhances apoflavodoxin (reversible) thermal sta-
bility: stabilizing effects of up to 20°C were observed in vitro.
Notably, the stabilizing effect on apoflavodoxin due to crowding
is similar to that observed for �-lactalbumin when placed in
pores of silica glass (35, 36).

The excluded-volume theory implies that macromolecular
crowding acts on unfolded-state conformations. By making the
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Fig. 3. In vitro structural effects due to macromolecular crowding. Far-UV CD of (A) folded (pH 7, 20°C), (B) thermally unfolded (pH 7, 95°C), and (C) chemically
unfolded (3 M GuHCl, pH 7, 20°C) flavodoxin in the presence of various amounts of Ficoll 70 (key for all in B).

Fig. 4. In silico energy landscapes for apoflavodoxin with and without
crowding. The 2D free-energy landscape as a function of Rg and Q at T � 360
K at volume fractions of crowder of zero (i.e., bulk) (A) and 25% (B). Rg is the
radius of gyration in unit of � (� � 3.8 Å). Q is the fraction of native contacts.
The color is scaled by kBT.
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denatured state more compact and thereby less energetically
favorable, the native state is indirectly stabilized (5–8). However,
our experimental and computational observations of structural
changes in both the native and denatured states of apoflavodoxin
indicate that direct crowding effects on the native protein
molecules are feasible (Fig. 6). We have observed both a
compaction of the overall size of the native protein (i.e., effects
on Rg) and a more native-like structure (i.e., more negative
far-UV CD signal and Q value closer to 1) for apoflavodoxin in
the presence of crowder. The structural effect appears larger in
the folded than in the denatured ensemble although the com-
paction effect is more pronounced in the denatured ensemble.

We also analyzed the changes in the folded and unfolded states
due to crowding from a thermodynamic point of view. For this,
the simulation data were used to compute the energy (which
roughly corresponds to enthalpy), E, and the entropy, S (37), for
folded and unfolded states in buffer and in 40% of crowders at
350, 360, and 370 K (SI Fig. 9 A and B). From this analysis, it
emerges that there are energetic and entropic effects due to
crowding in both unfolded (i.e., QU � 0.25) and folded states
(i.e., QF � 0.8) of apoflavodoxin: for the �c � 40% condition,

�EFU � �19 kcal/mol, �SFU/kB � �24 (S/kB is unitless) (kB,
Boltzmann constant), and �GFU � �1.72 kcal/mol at 360 K. For
apoflavodoxin in buffer (i.e., bulk), �EFU � �47.4 kcal/mol,
�SFU/kB � �66, and �GFU � 0.12 kcal/mol at 360 K (SI Fig. 10).
Interestingly, the crowding effects on folded- and unfolded-state
entropy values are favorable. This may be explained by the
existence of a large number of substates within the folded and
unfolded ensembles as a result of crowder–protein interactions
at high volume fraction of crowders. In contrast, the effect on the
enthalpy/energy change due to crowding appears unfavorable,
which may be explained by crowding-induced compaction having
a negative effect on internal bonds (compression of structural
bonds; these are modeled as harmonic springs).

Crowded conditions may cause enrichment of a large number
of slightly different protein structures that are all within the
native ensemble of molecules but have the highest degree of
order. This can be achieved by a shift (and broadening in terms
of number of substates) of the average distribution of species
within the native-state ensemble toward Q � 1. In agreement,
the difference contact map reveals that the secondary and
tertiary structures are not altered per se, but that they become
better packed and exhibit less breathing/terminal fraying in the
presence of crowders. Thus, crowding forces the native ensemble
of the protein molecules in solution to be on average more like
they are in the crystalline state. We propose that native-state
structural effects caused by macromolecular crowding may be
common in vivo for globular proteins that exhibit marginal
stability. The volume fraction of macromolecules may be as high
as 40% in living cells. For proteins with inherent plasticity in
their native states, protein–crowder interactions may play a role
in the modulation of local conformations at active sites. In
addition, macromolecular-crowding effects may be of high sig-
nificance for intrinsically unstructured proteins (for example,
FlgM), which may be unfolded in dilute solutions in vitro but
adopt folded structures in the crowded in vivo environment (38).

Materials and Methods
Protein Preparation. Flavodoxin from D. desulfuricans (American
Type Culture Collection strain 29577) was expressed in Esche-
richia coli and purified as described (39, 40). In short, the
apo-form of wild-type flavodoxin was isolated on a Q-Sepharose
column and further purified by gel permeation on a Superdex-75
by using an FPLC system (Amersham–Amersham Pharmacia) (25).

In Vitro Measurements. Apoflavodoxin native- and unfolded-state
far-UV CD spectra (1-mm cell, 200–300 nm) were monitored at
20°C and 95°C, respectively, on a Jasco-810 spectrometer. Ther-
mal unfolding experiments were carried out by following CD at
222 nm as a function of temperature. All experiments were

Fig. 5. Mapping of in silico structural changes due to crowding against residue numbers. Difference contact map of the folded (A) and unfolded states (B)
between 25% and 0% volume occupancy of crowders at T � 360 K. Secondary structure elements are indicated.

U

F
φc ≠ 0

φc 0 =

Fig. 6. Crowding affects both folded and unfolded ensembles. Schematic
free-energy profile for flavodoxin folding. The enhanced stability at �c � 0
(dashed curve) is due to a combination of unfolded-state destabilization and
stabilizing of the folded state.
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performed in different buffers and in the presence and absence
of various amounts of Ficoll 70 (Sigma). Three solvent condi-
tions (10 mM Hepes, 20 mM phosphate, and 40 mM phosphate
plus 250 mM NaCl, all at pH 7) were tested in separate
experiments. Ficoll 70 was included in 100 mg/ml steps, from 0
to 400 mg/ml; higher concentrations of Ficoll 70 were not
accessible due to limited solubility. Care was taken to let all
buffer/Ficoll/protein mixtures equilibrate before measurements.
Both unfolding (from 20°C to 95°C) and refolding (from 95°C to
20°C data points were collected every degree with a scan rate of
2.5°C per minute scan rate. Scan rates were varied between 0.1°C
per minute to 2.5°C per minute; there was no scan-rate depen-
dence observed in the process. All unfolding transitions were
�80% reversible; aggregation was never observed. Differential
scanning calorimetry tests were performed on Ficoll 70 solutions
to assure that Ficoll itself did not exhibit any phase transitions
within the temperature range of flavodoxin unfolding. These
experiments revealed no detectable transitions for Ficoll (not
shown). Assuming a spherical shape (28, 29), 50 mg/ml Ficoll 70
corresponds to a volume occupancy, �c, of �25%; 100 mg/ml to
�c � 50%; at Ficoll 70 concentrations �200 mg/ml; however, the
spherical shape may be distorted (28, 29).

Model of Flavodoxin and Crowders. We used a coarse-grained C�

side-chain model (C�-SCM) (11, 41, 42) to represent apofla-
vodoxin [Protein Data Bank (PDB) ID no. 2FX2; this structure
is for D. vulgaris f lavodoxin, which is the closest structural analog
to D. desulfuricans f lavodoxin for which there is a PDB struc-
ture). Each amino acid (excluding glycine) is represented by
using two interaction sites, one corresponding to the C� atom
and the other the center of mass of the side chain. A modified
Go-like (43) interaction is used for mimicking protein-like
behavior in which the principle of minimal frustration is imple-
mented to construct a funnel-like folding energy landscape
(44–46). The structural Hamiltonian that includes bond-
length potential, side-chain backbone connectivity potential,
bond-angle potential, and dihedral potential follows Go-like
behavior in which equilibrium values are justified from the native
structure.

The interaction energy for nonbonded native side-chain in-
teractions is:

Eij
NB � � ij� � � ij

r �
12

� 2� � ij

r �
6� , [1]

where a native contact between side chain i and side chain j,
i�j �1, is determined from the native structure by using the

CSU program (47). Moreover, �ij � 0.9(�i � �j). We take �i to
be the distance between the center of mass of side-chain atoms
and the C� atom, which is the effective van der Waals radius of
a side chain. For the native contact energies �ij, we use the
Betancourt–Thirumalai (48) statistical potential. For backbone
hydrogen-bond interactions, we consider an angular-dependent
function to capture directional property of hydrogen bonds.

Eij
HB � A		
Eij

NB, [2]

where A(	) is

A		
 �
1

1 
 �	1 
 cos	
	1 � cos	
� 1 �
cos	

cos	a
� � 2 . [3]

In this equation, 	 is the angular alignment between two
interacting strands of backbones and defined in ref. 41. 	a is the
pseudo dihedral angle of a canonical helical turn, 0.466 (rad). A
native pair of hydrogen bonding between C�

i and C�
j is deter-

mined by using the DSSP program (49). �ij for backbone
hydrogen bonding between C�

i and C�
j is 2.5 kJ/mol. �ij is the

hydrogen bond length, 4.6 Å. The crowding particle, Ficoll 70, is
modeled as an inert sphere with a radius of 55.0 Å, which is 3.8
times the radius of gyration (Rg) of f lavodoxin in the native state
(14.6 Å). Interactions between Ficoll 70 spheres and flavodoxin
are repulsive. We choose to study volume occupancy of crow-
ders, �c, of 25% and 40%. In most simulations, �c � 25% was
used because of the limitation of computing resources.

Simulation Details and Calculations. Thermodynamics properties
are simulated in a periodic cubic box in which each length (L) is
300�, and � is 3.8 Å, the average distance between two adjacent
C�s in the C�-side-chain model. L is chosen to be at least twice
as long as the extended flavodoxin polypeptide. In addition, pair
correlation functions between the Ficoll 70 particles in the box
are computed, and L is large enough to ensure that the finite size
effects are avoided in the calculation. Simulation procedures
follow those in the previous study by Cheung et al. (11). The
Replica Exchange Method (REM) (50) is used to enhance the
sampling efficiency in the molecular simulations (51). Thermo-
dynamic properties such as the radius of gyration (Rg), shape
parameters	 (� and S) (11), and the fraction of native contacts
(Q) with respect to the crystal structure are computed to
characterize the free-energy landscape of flavodoxin folding.
The use of REM and Langevin equations of motion in the low
friction limit (52) ensures that these thermodynamic properties,
calculated with the weighted histogram analysis method
(WHAM) (53) are converged.

	For a sphere, � is 0; S � 0 (� 0) corresponds to prolate (oblate) ellipsoid.
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Novel Breast Cancer Therapeutics Based on Bacterial Cupredoxin 
 
Background and Objectives: 
Reports of regression of cancer in humans infected with microbial pathogens date back 
more than 100 years. However, live bacteria produce significant toxicity, limiting their 
use. The unprecedented observation that the small bacterial protein Pseudomonas  
aeruginosa azurin forms a complex with the well-known tumor suppressor protein p53 
and triggers cell death provides a new avenue for cancer research. Despite being a novel 
concept to target cancer, there are no thermodynamic details known for the proposed 
azurin-p53 complex. This project aims to fill this gap as outlined in four specific aims.  
Aims and Methodologies: 
We will reveal (1.) which p53 domain interacts with azurin and probe affinity and 
stoichiometry, (2.) the molecular mechanism by which azurin increases cellular levels of 
p53, (3.) the region on azurin that interacts with p53 and (4.) use the acquired information 
to propose smaller molecules that retain properties of azurin. For this, we use a battery of 
biophysical, spectroscopic and biochemical techniques in conjunction with purified 
proteins and strategic variants for in vitro experiments. 
Results to date: 
To this date, several discoveries have been made: most importantly, azurin is found to 
bind to the unstructured N-terminal domain of p53 and a small 13-residue peptide is able 
to reproduce part of the azurin interaction. Also, properties of two human copper-
metabolism proteins have been identified; these proteins are important as they may cross-
react with azurin-based drugs 
Conclusions and Impact: 
Our biophysical project provides key physical, chemical and structural understanding of 
azurin’s interaction with p53 in vitro. We propose that the results of our studies may be 
used to develop small peptide constructs that bind and stabilize p53 like full-length 
azurin. If these molecules turn out to work in vivo, it may be the gateway to an innovative 
class of new cancer therapeutics. 
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